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Abstract
The factors affecting the performance of GalnP/AlGalnP vertical-cavity surface-emitting 
lasers (VCSELs) emitting at an attenuation minimum of PMMA plastic optical fibres 
(650nm) have been investigated. Using wide temperature-range and high pressure 
measurement techniques on equivalent (i.e the same active region) edge emitting lasers 
(EELs), emitting at 672nm, the temperature sensitive leakage current into the indirect X- 
minima is shown to be ~20% of the total threshold current at room temperature. This is 
then estimated to rise to ~70% for 655nm emission, but may be reduced to ~50% by 
using a graded-index separate confinement heterostructure (GRINSCH). By making the 
same measurements on the full VCSEL structures and using a combination of thermal 
and gain spectrum models the performance modifying effect of the Bragg stacks have 
then been evaluated. It is found that that temperature dependent tuning/detuning of the 
gain-peak and the cavity mode is significant at low temperature due to the relatively 
narrow gain spectrum width. However, at room temperature and above, these VCSEL 
devices are shown to be dominated by the leakage current coupling to device self-heating 
and gain-cavity alignment is of secondary importance as the gain spectrum broadens. 
Similar techniques, but also including the use of a 10-band k.P based gain model 
developed at Surrey, have been used to investigate some of the first room temperature 
operational (I.3|xm) GalnNAs VCSELs. The measurements support recent evidence that 
the material GalnNAs has an intrinsically broad gain spectrum leading to a wide 
temperature operating range (up to 300K) and operatift^at a maximum temperature of
400K. The excellent fit of measured and calculated data shows that these devices are 
limited by the onset of Auger recombination and also helps confirm the validity of the 
gain model.
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Chapter 1 
Introduction
1.1. A brief history of the Laser.
The Story of the Laser (Light Amplification by the Stimulated Emission of Radiation) 
is one of evolution rather than any one individual being responsible for its invention. 
Although in principle it was first theoretically postulated by Einstein at the beginning 
of the century (later published by Einstein in 1917 [1]), its practical roots can perhaps 
be traced back to post WWn origins. Research groups in the United States (Townes 
and Schawlow) and the Soviet Union (Basov and Prokhorov), were both studying 
microwaves with a view to improving their radar capability, in particular the signal 
resolution and range. This led to the concept of using atoms in an analogous way to 
electrical circuits as a means of amplification. In 1954 Gordon, Zeiger and Townes 
used the vibrational modes of ammonia gas molecules to amplify microwaves 
(X=0.8cm) in a Fabry-Perot resonsant cavity [2]. In essence all the necessary basic 
ideas of population inversion, feedback and stimulated emission leading to a coherent 
radiative source were first exhibited in this experiment (represented schematically in 
figure (1.1)). Hence Townes first coined the acronym maser (Microwave 
Amplification by the Stimulated Emission of Radiation) and together with Schawlow 
followed this by publishing the theoretical outline for a gas laser [3]. Basov and 
Prokhorov [4] were also working on similar concepts and subsequently Townes, 
Basov and Prokhorov were acknowledged for their development of the maser and 
laser with the 1964 Nobel Prize for Physics.
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Figure (1.1): schematic representation of basic lasing concepts.
However somewhat surprisingly at the time, as the theoretical predictions had been
based on gases, the first demonstration of an operational laser was by Maiman [5] in
1960. Using a ruby (Cr:Al2 0 3 ) crystal pumped by a Xenon flash lamp, a pulsed 
Am
emission (À=69^) was observed. Shortly after this (1961) Sorokin and Stevenson [6 ], 
and Javan et al. [7], achieved continuous operation using Helium/Neon gas lasers.
It was during these first demonstrations that the feasibility of semiconductor lasers 
using a p-n junction was first explored. In the following year (1962), four research 
groups [8,9,10,11] independently observed pulsed lasing action (À~850-900nm) using 
simple GaAs p-n homo-junction edge emitting lasers (EELs). The lasers were 
operated at liquid nitrogen temperature (77K), with high current density thresholds 
(Jth^lO^ Acm'^), giving broad spectral line widths (~15nm) and only partial spatial 
coherence. This limited performance was due principally to two factors. Firstly, the
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homo-junction provided only poor confinement of both current and optical field and 
secondly the growth quality of the crystal was rudimentary. Over the next decade the 
rapid improvement in crystal growth proved to be instrumental in providing better 
carrier and photon confinement.
Experiments with different laser structures found that by sandwiching the laser’s 
active region (e.g. GaAs) between a p-n junction of higher band-gap material (e.g. 
AlxGai-xAs), much improved carrier confinement was possible. It also meant, 
somewhat fortuitously, that the contrast in refractive indices of the active region and 
cladding layers improved optical confinement. The double hetero-structure design 
was first suggested in 1963 [12] but was only actually realised after the development 
of the growth technique Liquid Phase Epitaxy (LPE) during the late 1960s and early 
1970s. The necessity for growth of more complicated structures low in lattice defects, 
particularly at the material interfaces, had now become significant in driving opto­
electronic technology. By 1969, LPE had matured sufficiently for Alferov et al. to 
announce the first room temperature pulsed operation of a semiconductor double 
heterostructure AlAs/GaAs laser [13]. In the following year, 10 years after the first 
lasing demonstration, room temperature, constant wave (c.w.) operation of a DI-V 
alloy (GaAs/AlGaAs), semiconductor EEL was achieved by Hiyashi et al. [14].
Although there were interesting developments in gas lasers such as the free-electron 
laser [15] and the excimer laser [16], the combination of the semiconductor laser with 
another technology was to prove the most significant in the next few years. At a 
similar time to the demonstration of the first semiconductor laser in the early 1970s, 
low loss silica based optical fibres were also being developed. The next decade saw
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massive investment in GaAs based laser research by the telecommunications industry, 
as they sought to develop optoelectronic driven communication systems. Figure (1.2) 
shows the complexity of the fibre optic network in Europe, which is rapidly replacing 
the conventional electrical system.
CEWÎHAL EUROPE TERPESTW4L AW  UfPUERSEA FIBEROPT@C ROUIES PLAWEÜ OR IN PLACE
Figure (1.2): the long-haul optic fibre network in Europe in 
2000 (KMI corporation).
Large investment went into the development of new growth techniques such as 
Vapour Phase Epitaxy (VPE), the related Metalorganic Chemical Vapour Deposition 
(MOCVD) and later. Molecular Beam Epitaxy (MBE). The improved growth 
capability meant that smaller layer thicknesses could be envisaged (<1 0 nm) and the 
possibility of confinement of the carrier wave function through quantum size effects 
(QSE). Although the first quantum well laser was demonstrated in 1978 [17], it was 
another decade before the quantum scale benefits could be realised in device
1-4
performance. This was primarily due to the continuing technological refinements of 
MBE and MOCVD which critically improved quantum well material quality, inter­
surface roughness and well width fluctuations.
(a)
_Refractive index (n) 
profile
(b)
hv
Refractive index (n) 
profile
electrons
(c)
holes r 1
Refractive index (n) 
profile
Figure (1.3): advances in carrier confinement (a) homojunction, 
(b) double heterostructure and (c) ideal quantum well
Figure (1.3) illustrates the progress in carrier confinement from the first homo 
junction to the use of quantum wells. The reduction in the volume that is electrically 
pumped reduces the threshold current of a semiconductor laser device.
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Another development that emerged during this period was the concept of strained 
quantum wells. In 1986 Adams [18] and Yablonovitch and Kane [19] simultaneously 
predicted that splitting of the light and heavy hole degeneracy would lead to a reduced 
density of states at the top of the valence band. This would not only lead to a further 
reduction in threshold currents but also meant that a larger range of wavelengths 
would be available for a given material composition. Today, most commercial 
applications of semiconductor lasers involve the use of strained quantum wells.
During the last decade substantial progress has been made in lower dimensional 
structures such as quantum wires and the ultimate confinement concept, the quantum 
dot (QD). While some groups have persisted with quantum wires [20] with only 
limited success, the first operational quantum dot device was reported in 1994 [21]. 
Having quantum confinement in all directions leading to a much reduced density of 
states, QD structures have demonstrated very low threshold current densities (26 
Acm*  ^ at 1.23|im) at room temperature [22]. QD growth technology has improved 
sufficiently to produce regular dot arrays [23] and QD-based photonic devices such as 
field effect transistors [24], photodetectors [25] and photodiodes have been reported 
[26].
Other significant advances include the quantum cascade laser for applications such as 
gas sensors in the mid infrared, high powered diode lasers (HPDL) and the 
demonstrations of blue GaN based lasers [27,28]. An important feature of present day 
research is the continued development of new materials such as the nitrides and 
antimonides. In principle, by employing various combinations of binary, tertiary and 
quaternary H-VI, m -V  and HI-VI alloys including the requisite strain, it is possible to
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reach most wavelengths ranging from 350nm-10iim. This is in sharp contrast to gas 
lasers which are limited to specific lasing energies dictated by their intrinsic energy 
levels. Further to this, by combining the emission of large arrays of devices 
appropriate high power levels can also be attained and due to their much more 
compact dimensions, semiconductor lasers are slowly replacing gas lasers in many 
applications.
Since the 1990s there has been an explosion in the demand for data-communication, 
driven largely by the development of the internet and the availability of multi-media 
digital equipment. The advantages of the semiconductor laser have become evermore 
apparent due to their small size, high modulation rates (>10Gbit/s) and the high band- 
widths of optical fibres at shorter wavelengths.
With the increasing demand for data throughput, the interconnections at chip, board 
and work-station levels have become limiting factors. For instance, as the number of 
components mounted on a board increases, transmission between boards is limited by 
the electronic inter-connectors which have a minimum spacing due to pin size and 
crosstalk. 2D parallel optical interconnections are a way of speeding up this process as 
light-waves in linear media are free to cross without interference. Data throughput, 
using optical/electrical (OF) and electrical/optical (FO) interconnections at different 
levels, will then be limited by the device switching speed and the lightwave and signal 
dispersion. At the moment however, it is the electrical circuitry which is the bit-rate 
limiting factor. This is part of the rationale for the development of integrated optical 
circuits (lOCs) featuring components such as switches, amplifiers and filters 
connected monolithically on the same substrate linked by wave-guides. Ultimately, a
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2D parallel-stacking optical logic system, avoiding OE and EO interconnections 
where possible, is clearly a method of dealing with large data rates.
EEL
* Horizontal beam output
* Eliptical beam profile
* ID arrays
Growth
direction
VCSEL
* Vertical beam output
* Circular beam profile
* 2D arrays
t
Figure (1.4): contrasting EEL and VCSEL geometry.
In order to realise these 2D parallel systems the vertical cavity surface emitting laser 
(VCSEL) is a key device. Figure (1.4) shows some essential differences between 
VCSELs and a conventional EEL brought about by arranging the cavity of the devices 
perpendicular rather than horizontal to the growth plane. In particular, the feature of 
monolithic growth in 2D arrays give the VCSEL a distinct commercial advantage 
over EELs.
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1.2. Development of the VCSEL.
The vertical-cavity approach was first suggested by Melngalis in 1964 [29] but it was 
not until 1977 that Iga outlined a viable VCSEL structure [30]. The first operational 
VCSEL (similar to that illustrated in figure (1.5)) was demonstrated by the same 
group, in 1979, by Soda et al. [31]. The double heterostructure (DH) bottom emitting 
device was grown using LPE using the material system GalnAsP/InP and lased 
(À= 1.18pm) at 77K with a pulsed threshold current density of llkAcm'^. This first 
device did not employ Bragg stack reflectors but instead used two gold/zinc end 
mirrors which also served as the electrical contacts. The large threshold current was 
largely due to the fact that this type of structure limited the reflectivity to (R < 0.8), 
which a large active volume. Uchiyama and Iga [32] improved on this by 
separating the n-electrode from the end mirror and introduced the ring electrode. In 
1984, building on these ideas but using AlGaAs/GaAs, Ibaraki achieved the first room 
temperature, pulsed operating surface emitting lasing [33] (À=796nm) at a massive 
380kAcm'^. Several extra fabrication steps were added, including GaAs buffer layers
  Au/Sn ring electrode
  Au coated mirror
  n-doped substrate
  n-doped layer
  Active region
p-doped layer 
SiO] layer
Au/Zn mirror and electrode
Figure (1.5): illustrating features offirst VCSEL designs c.1980
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adjacent to either cladding layer and by etching into the n-layer this was also the first 
bottom emitting etched well device.
Longitudinal optical confinement is an inherent feature of a highly reflective resonant 
cavity but in order to improve on the transverse optical and electrical confinement 
Uchiyama introduced a circular buried heterostructure (CBH) in 1986 [34], illustrated 
in figure (1.6). This dramatically reduced the lowest threshold current from 400 to 
6 8 mA. Another development that happened about the same time was the use of Bragg 
Stacks. Kinoshita introduced a IxklA  pair layered dielectric reflector (Ti0 2 /Si0 2 ) on 
the n-side of a bottom emitting device giving a maximum reflectivity of R=96% [35]. 
In the following year Sakaguchi was the first to use an epitaxial AlGaAs/GaAs, 20 
pair layered, Bragg stack on the n-side only [36].
p-doped layers ......
n-doped layers 
CBH -  active region 
Ti0 2 /Si0 2  dielectric mirrors .........
n-substrate
j  T
V
7
Figure (1.6): Bottom emitting etched well CBH VCSEL c.1985
Improving growth techniques such as MBE and MOCVD combined with the 
increasingly sophisticated design features resulted in the first room temperature c.w. 
operation of a surface emitting laser by Koyama in 1988 [37]. As mentioned in
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section (1.1), increased growth quality during the 1980s had resulted in the improved 
performance of QW structures in EELs. In 1989 Jewell first adopted the idea in a 
VCSEL by using three 80Â Gain As QWs with GaAs barriers and AlxGai-xAs mirrors 
with X ranging between 0 -  0.5 [38].
A fundamental concept of the VCSEL is the thin active region width orthogonal to the 
growth plane. The CBH had addressed the lateral confinement problem with initial 
success but it still did not adequately prevent current spreading, and it complicated the 
growth considerably leading to poor reproducibility. During the next few years three 
different strategies were employed to attack this problem. Firstly a fairly direct 
approach was taken by Jewell et al. [39]. Using chemically assisted ion beam etching 
a 30pm pillar down to the active region was defined (illustrated in figure (1.7)). While 
this produced good current confinment and excellent wave guiding due to the high 
index contrast between air and semiconductor material, it greatly excerbated thermal 
dissipation by removing the surrounding heatsink (air has a poor thermal 
conductivity).
p-doped etched epitaxial mirrors
. QW -  active region 
p-contact
  n-doped epitaxial mirrors
n-substrate
Figure (1.7): top emitting etched pillar with QW VCSEL c.1990.
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Secondly, ion implantation techniques in VCSELs were developed by several groups 
[40,41]. This involves damaging the crystal using protons (of an appropriate energy), 
rendering a circular area above the active region non conductive and thus defining a 
funnelled current path into the active region. The advantage of this method is a 
reduction in the active region while retaining the heat sink properties of a larger mesa. 
The disadvantage is that it does not provide particularly good wave guiding as this is 
largely dependent on thermal lensing [42] (making it unsuitable for high speed 
operations) and the diameter and definition of the aperture are difficult to control 
precisely. Nevertheless it was shown to reduce thresholds [43] and their performance 
and reliability have been shown to be appropriate for commercial application [44].
Finally a fabrication method known as selective oxidation [45] has proved very 
successful and is currently being extensively used. The process takes advantage of the 
sensitivity of the oxidation rate of AlxGai.xAs to the variation of x and the fact that 
AI2O3 has a very low electrical conductivity. The oxidation rate increases dramatically 
as the proportion of A1 is increased . For instance varying, x from 0.84 -  1.0 leads to 
an increased oxidation rate of over two orders of magnitude [46]. By introducing 
layers of higher Aluminium content above and/or below the active region and 
exposing the device to a steam environment at 350-500°C, well defined apertures can 
be formed (shown schematically in figure 1.8). This method is a significant 
improvement on ion implantation in terms of control, aperture profile, optical 
confinement and the simplicity that it can be incorporated into monolithic VCSEL 
growth. Apertures with cross sectional areas of less than 1 pm^ can be formed 
repeatably and the method can be used for any system using AlGaAs/GaAs mirrors 
(This covers most VCSELs with wavelengths varying from 600-1500nm). The index
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step between the oxide and AlGaAs is also large, whilst not quite as effective as the 
etched mesa nevertheless provides good optical confinement.
Most early devices were bottom (n-side) emitting devices, primarily because it was 
easier to deposit a gold/zinc electrode on the top (p-side) of the device which also 
served as an opaque mirror. In 1990 Lee demonstrated a top emitting device where a 
circular window had been etched through the contact using a photolithographic 
technique [47]. The significance of this was that for wavelengths of less than 880nm 
the GaAs substrate is opaque and therefore requires etching. Photolithography is 
particularly suited to dealing with a repetitive pattern such as a 2D array and is also 
simpler and quicker than etching through the substrate.
p-doped epitaxial mirrors
Oxidised AlAs layer - current aperture 
Polyamide passivation
n-doped mirrors
Figure (1.8): features of VCSEL including current confining aperture c.1993.
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During the last decade, as mentioned in the previous section, there has been a large 
amount of research into lower dimensional structures. Quantum dots in the active 
region can be formed by either self assembly [48] or by raf>h^  . [49].
As self assembled quantum dots can be simply fabricated using conventional MBE 
or MOVPE this is likely to be the preferable method for incorporation in VCSELs. A 
motivation for using quantum dots in VCSELs is not only a very low threshold device 
but also by controlling the dot size distribution the gain linewidth can be manipulated. 
This is an important parameter in VCSELs in terms of its effect on gain-cavity 
alignment which is discussed in section (2.3.5). Room temperature c.w. operation of 
quantum dot VCSELs have demonstrated current/aperture-size ratios (equivalent to 
current density -1 5 0  Acm'^) comparable with QW VCSELs [50].
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Figure (1.9): illustrating major impacts of innovation on Ith in VCSELs.
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1.3 VCSEL applications.
The types of application available to VCSELs depends crucially on the development 
of material systems that can incorporate high index contrast epitaxial . mirrors. 
Although mirrors using various materials such as Si0 2 /Ti0 2 , Si0 2 /Si and 
InP/InGaAsP have been used for wavelengths of 650nm and above, the good index 
contrast, conductivity and suitable band gap of AlGaAs/GaAs has made this system 
the preferred option for the Bragg Stacks.
GalnAsP/InP ^ -----------
AlGalnAs/InP--------- M---- —►
GalnNAs/GaAs M ►
GaAsSb/GaAs M------- ►
InGaAs/GaAs -  inc. Q.dots ^  ^
AlGaAs/GaAs
AlGalnP/GaAs
M ► ZnCdSe/SiN
^ ^  GalnN/GaN
UV Near Infra-Red
0 .2  0 .4  0 .6  0 .8  1 .0  1 .2  1 .4  1 .6  1 .8
W a v e l e n g t h  - p m
Figure (1.10): material systems for VCSELs at different wavelengths.
For mass production monolithic growth generally requires that the active region 
material can be closely lattice matched to the substrate. This has meant a focus on
1-15
development of materials that can be lattice matched rather than the development of 
new types of Bragg stacks.
Figure (1.10) summarises available material systems that have been demonstrated in 
working VCSEL devices. For wavelengths below 650nm, H-VI systems such as 
MgZnSSe and CdZnSSe can be lattice matched to GaAs but these types of material 
suffer from degradation and GaAs/AlGaAs mirrors are absorbing. Alternatively, there 
have been recent reports of optically pumped GaN and InGaN based [51,52,53] 
VCSEL devices using nitride based reflectors such as GaN/AlN, GaN/AlGaN and 
different compostions of AlGaN/AlGaN. The main obstacle to an electrically pumped 
nitride device (no VCSEL devices have currently been reported) has been poor carrier 
injection into the active region, as AlGaN layers have relatively low thermal 
conductivity and p-mobility is very small. Modelling by Mackowiack [54] using a 
range of nitride and dielectric (Si0 2 ,Ti0 2 , Hf0 2 , MgO, Y 2 O 3 , Z1O 2) DBRs suggests 
that c.w. operation may be best achieved by the combination of a Si0 2 /Ti0 2  top 
dielectric reflector and a GaN/AlGaN semiconductor bottom reflector. Mackowiack 
has also outlined a diagonal injection scheme in order to minimise current crowding 
around the active region perimeter leading to the generation of higher order modes 
[55].
A summary of VCSEL applications is shown in figure (1.11). Presently commercial 
interest is focused heavily on optical data links where relatively low power outputs 
are required and the circular, low divergent output beam is particularly suitable for 
fibre coupling. The natural progression from here is being extended to high data rate 
(Tb/s) processing where there is a natural parallel geometry such as computer board
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interconnections. A further step with the rapid development of the micro-electronics 
and photonics industry is the incorporation of VCSEL arrays in lOCs [56]. The 
wavelength selective property provided by the cavity mode of the VCSEL makes it 
particularly useful in gas detection sensors where absorption lines have small line 
widths at specific wavelengths. Applications in the visible spectrum such as 
holograms [57] and projection displays [58] are dependent on the development of 
devices emitting at the lower wavelengths but again VCSEL 2D arrays form a natural 
light emitting basis for these types of schemes. Although single VCSEL devices 
produce modest output power compared with EEL lasers, the combination of large 
arrays offer a potential source for high powered applications such as laser surgery or 
welding of plastic and metals. A key factor for success here, in contrast to high 
density packing in parallel processing [59], is electrical and optical coupling between 
devices. Strategies to achieve this involve anti waveguiding in closely packed devices 
just above the active region in the common p-mirrors [60]. In order to achieve many 
of these wide ranging uses, perhaps the crucial factor which makes the VCSEL a real 
commercial prospect is the low manufacturing cost of producing 2D arrays from 
wafer scale processing and on wafer testing.
1.4 GalnP/AlGalnP VCSELs.
Edge-emitting semiconductor lasers operating in the red region of the visible 
spectrum have commercial uses in bar-code readers and laser pointers. There are also 
many advantages to be gained from going to the shortest possible wavelength in 
storage applications such as digital versatile disk (DVD) and magneto-optic (MO) 
systems, which presently operate at 650nm. At this moment in time the material 
GalnP/AlGalnP is the only serious contender for low cost mass production of
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semiconductor laser devices at the ~650nm wavelength. In general the physics of the 
system is reasonably well understood [61] and the issues limiting device performance 
revolve around growth control. VCSELs operating comercially in the visible would 
greatly extend the scope for semiconductor lasers into fields such as short-haul 
communication networks, projection displays, lOCs and holographic memory systems 
[62].
reparte K ^
A
The first visible VCSELs were^Schneider et al [63] in 1992 with ^optically
pumped device operating at 657nm at room temperature and Tai announced pulsed 
room temperature operation at 660nm [64] the following year. Soon after this Lott 
[65] demonstrated c.w. room temperature operation at 670nm with an air-post etched 
device with a threshold current density of 4kAcm’^ . After this initial success interest 
subdued due to the complexity of the material constraints compared with VCSEL 
devices at 850nm. Firstly, the composition range of the AlGaAs mirrors is limited due 
to increased absorption at lower wavelengths which leads to a reduced reflectivity 
because of the smaller refractive index contrast available. This means that a larger 
number of mirrors are needed to give the necessary reflectivity. This results in a 
smaller stop band and a greater need for control over growth thickness. Secondly, the 
material system is susceptible to thermally activated non-radiative carrier leakage 
from the direct (F) conduction band minimum into the indirect X-minima [6 6 ]. This is 
made worse by the AlGaAs reflectors, which have a lower X-potential than the 
AlGalnP barriers which not only gives a path for carriers to escape the active region 
but also reduces the mirror reflectivity by introducing optical absorption. 
Exacerbating these difficulties is the inherent self-heating of the VCSEL structure 
[67] and the temperature dependence of peak of the gain spectrum alignment with the
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cavity mode [6 8 ]. (These effects will be described in greater detail in the next 
chapter).
Despite these problems there has been renewed interest in red (650nm) VCSELs in 
the last few years due to the introduction of new digital technologies and a demand 
for high-speed data interconnects in the home and small organisations. A key 
development here has been the advances in plastic optical fibre (POP) technology 
with its advantages of low cost, easy cleaving and general workability have made it a 
strong candidate for the transmission conduit. Figure (1.12) shows the attenuation per 
kilometre of PMMA (plastic polymer) and also other materials for comparison. 
Despite PMMA having a comparatively high attenuation, compared with silica,there 
are nevertheless attenuation minima at 510, 570 and 650nm that can be utilised and it 
is this last minimum that is of specific interest in this thesis. Lambkin et al [69] 
illustrate the need to lase close to this minimum as an output of ImW is required at 
650nm which increases to 2mW at 660nm and 4mW 670nm.
Cytop CF;________
PMMA
D-PMMA
Cytop
(current)200
polymer 
coated silica
Cytop
(potential)
silica
Minimum loss 300 500 700 900 1100 1300 1500
at 650nm wavelength (nm)
Figure (1.12): attenuation wavelength dependence for PMMA (POF) 
and other materials.
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VCSELs are an ideal light source for this system due to their high modulation 
bandwidth, planar geometry and circular beam profile. It is specifically the coupling 
which represents the biggest cost saving of this system due to the larger diameter of 
the plastic fibre and the low divergence output beam of the VCSEL which make 
alignment very straightforward without the need for any lens elements.
PO F ribbon
U pper protecting part
L ow er PM M A  part, 
(“spacer” )
subm ount
V C SE L  chip
VCSEL Array 
chip
M T-Iike connector
gu id ing  pin
OO
a
OO
Figure (1,13): illustrating a VCSEL plastic optical fibre coupling module.
A major development which transformed the prospect for viable GalnP/AlGalnP 
VCSELs was an efficient method of forming an oxide current aperture mentioned 
earlier in section (1.2). Table (1.1) starts with showing the first device reported with 
this type of current aperture and also the most recent results of performance indicators 
for GalnP/AlGalnP VCSELs which suggest an encouraging future for these devices.
1 - 2 1
Research Grouo P (max) i Ith (min) Jth /Aoerture
Choquette et al [43] 3mw (RT) 665nm
670nm 0.6mA
19xl9fim^. -  apert. 
5x5[im^ -  apert.
Sandia (Hafich et al) 
[70]
8.2mw (RT) 
0.4mw (RT)
687nm
640nm
BREDSELs 
Consortium [69]
2mw (RT) 
0.5mw
6 6 6 .8 nm
674nm
650nm
0.4mA
1.4kAcm'^
Knigge et al [71] 3.1mw (RT) 650nm 0.5mA 1.7kAcm'^
Table (1..1): showing recent performance of GalnP/alGalnP VCSELs
1.5 Thesis strategy.
Even though results show that GalnP/AlGalnP VCSELs should be able to meet the 
minimum requirements for applications such as short haul communication, stable 
performance against outside temperature change is of paramount importance. The 
major aim of this thesis is to explore the fundamental physics of VCSELs lasing at 
650nm and the factors involving stable operation which will apply to VCSEL on a 
more general basis. Some of these concepts are used in a comparative way in making 
an initial investigation of some of the first room temperature operating 1 .3 |im 
GalnNAs VCSELs in the final chapter.
One of the major difficulties in studying VCSELs is uncoupling the material 
performance in the active region from the modifying effects of the Bragg stacks. 
Methods such as contactless electro-luminescence (EL) [72] and photomodulated 
reflectance spectroscopy (PR) [73] can yield information concerning growth quality
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and specification but it is not possible to perform spontaneous emission experiments. 
A strategy used to circumvent this, in this thesis, was to have EELs grown 
sequentially to the VCSELs using the same structure for the active region and using 
AlGaAs in the cladding with the same composition as the first mirror. Similar 
experiments are then carried out on both types of devices and compared, giving an 
insight into the changes caused by the Bragg stacks.
1.6 Thesis summary.
The following chapter {chapter 2) describes some fundamental theory concerning 
semiconductor lasers in general, some aspects concerning the material AlGalnP and 
more specific concepts concerning VCSELs. The experimental set up including the LI 
probe station, the low temperature cryostat and the high pressure system is discussed 
and illustrated in Chapter 3 with particular regard to the precision of the apparatus 
and factors that may influence measurement.
Chapter 4 describes the GalnP/AlGalnP EEL and VCSEL structures used in the 
investigation. Comparison of the different VCSEL devices ^re^ made through 
measurements such as LI and IV characteristics, electro-luminescence (EL) data, 
reflectance spectra and other observations. In order to further understand the different 
device performance, chapter 5 compares the temperature dependence of the threshold 
current (Ith ), the lasing energy (Eiase), the radiative current (I^d) and the leakage 
current (Iieak) for EEL and VCSEL devices. Using a combination of these results, a 
gain model and a self heating model; the extent of coupling between leakage, gain- 
cavity alignment and self-heating for AlGalnP VCSELs is calculated. Results in this 
chapter are reinforced in chapter 6 using pressure measurements to confirm heak
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values and the relative gain-cavity alignment. In addition, application of pressure, by 
continuously varying the band gap, also allows the consideration of Ith and heak as a 
function of lasing wavelength. From this, it is possible to make predictions concerning 
VCSEL performance lasing at 650nm.
Using a combination of experimental techniques and VCSEL concepts based on the 
previous chapters, chapter 7 investigates some of the first VCSELs to be made using 
a promising new material GalnNAs that are aimed at the telecommunications 
wavelength 1.3[im. These devices may be key to the high capacity data- 
communication demand for local area networks (LAN). Particular interest here is 
focused on stable operation over a large temperature range brought about by the 
intrinsically wide gain spectrum.
Chapter 8 summarises the main findings of this thesis and discusses further work and 
new questions prompted by this work.
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Chapter 2 
Background Theory
2.1 Introduction.
This chapter deals with some of the background theory specifically relating to AlGalnP 
based semiconductor EELs and VCSELs. In Part I, fundamentals of
semiconductor lasers in general are discussed followed by aspects of the material 
AlGalnP such as thermally activated leakage, material gain and the effect of applied 
pressure on band structure. In Part II concepts related specifically to VCSELs are 
considered including, the design criteria of the Bragg stacks, the consequence of gain- 
cavity alignment, the problems of self-heating and the effect of applied pressure.
Part I: Fundamental semiconductor laser theory. 
2.2.1 Electronic transitions.
A laser is often described as an optical amplifier where there is an interaction between 
electromagnetic radiation and a two level electronic system. There are three fundamental 
radiative processes that may take place when an electromagnetic wave interacts with a 
lasing material as shown schematically in figure (2.1). Spontaneous emission (a), as the 
term implies is a random process and its rate is thus proportional to the number of 
electrons in the conduction band (at an energy level E2) and the number of holes in the 
valence band (at energy level Ei). Alternatively, there is a sense in which spontaneous 
emission can be considered as an interaction with a photon. The quantum mechanical
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Figure (2,1): the three fundamental electronic transitions.
description of the optical mode is usually described in terms of an harmonic oscillator. 
The probability for a transition into a mode (n) is proportional to the number of photons 
in the mode above (n+1). In this way, even if an optical mode is unoccupied there is still 
an interaction between this “ghost photon” and the electronic wave function. The result is 
that spontaneous emission produces incoherent light, which is not what is wanted but is 
nevertheless necessary initially to produce stimulated emission.
Stimulated emission (b) occurs when a photon with an energy equal to the band gap (E2- 
Ei), interacts with an electron in the conduction band causing it to recombine with a hole 
in the valence band. In order to conserve energy and momentum an extra photon is 
produced which is coherent with the stimulating photon. The transition rate for stimulated 
emission is not only dependent on the number of electrons and holes but also on the 
photon density and is calculated through the time evolution of the wavefunction in the
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presence of an harmonic perturbation. The resulting transition rate is described by 
Fermi’s golden rule. In the opposite sense to stimulated emission, photons can also 
interact with the wave function of a valence band electron causing absorption of a photon 
(c). The absorbed energy elevates an electron into a vacant state in the conduction band. 
The transition rate for stimulated absorption is also dependent (with the same Einstein 
coefficient) on the number of electrons, holes and photon density.
For net it is necessary for stimulated emission to outweigh absorption.
For this to be possible the probability of the emission process must be greater than that of 
the absorption. However at standard temperature and pressure (STP) there are far more 
electrons at the top of the valence band than in the conduction band. In order to reverse 
this and bring about a “population inversion” it is necessary to inject electrons into the 
conduction band and holes into the valence band. This can be done either optically by 
“pumping” with a laser of an appropriate frequency (hv=E2~Ei) or electrically. A 
convenient way of dealing with the transition probabilities is to use the concept of quasi- 
Fermi level splitting. As electrons are introduced into the conduction band and holes into 
the valence band, the intraband carrier-carrier scattering time (t  -  the average time taken 
for carriers to change their k-vector) starts to decrease. When x becomes much shorter 
than the interband recombination time, the carrier population in separate bands are 
effectively de-coupled and can be considered separately to be in thermal equilibrium. The 
average energies up to where the states are filled can then be assigned a quasi-Fermi 
conduction level (Efc) and the quasi-Fermi valence level (Efv). The Bernard and Durafforg
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[1] condition for transparency is that the quasi-Fermi level separation must be greater or 
equal to the band gap (see figure (2 .2 )).
Efc-Efv > E 2 - E i  ^ Eg (2.1)
In a real device the losses must also be overcome^ so the quasi Fermi-level separation has 
to be greater than the band gap before threshold is reached. The probability of an electron 
occupying a state in the conduction band [Fc(E)] , and a hole occupying a state in the 
valence band [Fy(E)] are then given by Fermi-Dirac distribution function.
1   . 1Fy(E) = l - (E,-Eyy)/
(1 + 6
(2.2)
where k is the Boltzmann constant and T (K) is the temperature. The rate at which the 
quasi Fermi-levels separate with increasing carrier injection depends on the conduction 
and valence bands but also on the density of states available to the carriers.
E
CB
Figure (2.2): schematic illustration of the quasi-Fermi levels 
below lasing threshold with Efc -Ejy< Eg
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2.2.2 Density of states and dimensionality.
In a bulk semiconductor carriers are free to move in any direction and there is a uniform 
distribution of states throughout k space. The resultant k vector is the sum of the three 
orthogonal k vectors.
k = kxi+ kyj+ kz k. (2.3)
For a wave confined within a crystal the magnitude of each k vector is inversely 
proportional to the crystal length in a given direction (ki=7i/Li). So reducing Li has the 
effect of elongating the k, vector. For example, in the case of a quantum well (width 
- 0 .0 1 pm), the separation between k states in the direction across the well becomes large 
and gives rise to distinct (quantised) levels of uniformly distributed planes of states in k- 
space. This separation of states in the confined direction therefore leads to a reduction in 
the density of states. Extending restrictions to other dimensions, e.g. quantum wire and 
dot, quantises the k states in 2 and 3 dimensions respectively and further reduces the 
density of states. Thus, reduced dimensionality not only reduces the active region volume 
but also leads to a reduced availability of states which means that for a given carrier 
density the quasi-Fermi level separation increases, ultimately resulting in lower threshold 
currents (Ith). Figure (2.3) gives expressions for the energy dependence of the density of 
states assuming parabolic bands. It can be seen from figure (2.3b) that the density of 
states in the 2D case is independent of energy, depending only on the length of the 
confined dimension and the effective mass. It should be noted that this is valid within a 
single sub-band (i.e. n=l for kz where z is the confinement dimension).
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Figure (2,3): density of states function (p) for different dimensionality,
Li=length in direction (i), m=carrier effective mass, h= Plancks constant/271
For a quantum well, even though there are quantised energy levels in the kz direction, the 
bands in the k%y plane are still parabolic because carriers are unrestricted in this plane, as 
in the bulk material. Figure (2.4) shows how the first three levels of a quantum well in the 
kxy plane relate to the step like density of states function in 2D. Increasing the width of 
the quantum well would decrease the size of the step until, in the limit, the density of 
states function in 2D reduces to the 3D bulk semiconductor case.
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Figure (2,4): the E-kxy parabolic bands quantised in the z direction (left) 
and the relation to the density of states (right).
2.2.3 Optical feedback and waveguiding.
The stimulated emission rate depends not only on a population inversion but also on the 
photon density causing the stimulation. In order to maintain a coherent stream of photons 
a laser feeds photons back into the lasing medium by reflection at the cavity mirrors. In a 
standard edge emitting laser, the semiconductor material will typically have a refractive 
index of 3-3.5. In air this will give a facet reflectivity of ~ 30%, where the end facets 
have been cleaved along a crystal plane to ensure an optimum reflective surface. The 
cleaved end facets form a Fabry-Perot cavity (typically 500 -1500pm)^
'I - ’T P As will be seen in Part II of this chapter a VCSEL relies heavily on 
optical feedback employing Bragg stacks for a reflectivity of more than 99%. In order to
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achieve this, the cavity length has to be reduced to the order of the emission wavelength 
to ensure that the cavity resonance is close to the specified wavelength of the mirrors. So 
the high reflectivity in a VCSEL is achieved at the expense of material gain over a longer 
cavity length.
rn À io /2  — 1** transverse mode
mX/2
Cleaved Facets
Light Output
Reflected Light
Figure (2,5): the Fabry-Perot Cavity acts as an optical amplifier. The value mT^n 
must satisfy equation (2,4) where the subscripts m and n represent 
higher order tranverse modes in they andz direction respectively.
In order for lasing to occur spontaneous emission must initially be produced and as we 
have seen, this happens isotropically in a bulk laser. The formation of a cavity creates a 
preferential direction for spontaneous emission [2 ] and the reflected light leads to an 
optical field that is generated forming a standing wave along the cavity. This means that 
only specific wavelengths satisfy the equation
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mÀ/2 = nscLcav where m= 1,2,3.....  (2.4)
are possible. However, as the light propagates along the cavity it can spread out in the 
transverse directions and it is possible for the cavity to sustain various transverse modes. 
The number of transverse modes in a waveguide is proportional to the waveguide cross 
sectional area [3]. For some laser applications it is necessary to have single or limited 
mode operation. The longitudinal mode (i.e. the value of m) will be determined by the 
mode that is closest to the peak of the gain spectrum (see section (2.2.8)). In order to 
reduce the number of transverse modes, which are closer together in energy than the 
longitudinal modes, it is necessary to limit the dimensions of the waveguide. There are 
two principle means of waveguiding: firstly, the refractive index is dependent on the 
carrier density, so by restricting current injection to specific areas it is possible to create a 
small refractive index step between zones of high and low current density. This is known 
as gain-guiding and its effectiveness is limited by current spreading and the lack of index 
step definition. Secondly, a more efficient method of wave guiding is index guiding. 
Fortunately the double hetero-structure, which is good for current confinement, also 
provides a waveguide in the growth direction by virtue of a refractive index step between 
the active and cladding regions (see figure (2.6)). The size of the index step obviously 
depends on the particular materials involved but can also be affected by the level of 
doping. Figure (2.6) shows schematically the effect of symmetric and asymmetric index 
waveguides. Confinement in the y-direction quite often will rely on gain-guiding 
although extra growth steps to produce buried hetero-structures can give y and x index 
guiding.
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Figure (2,6): the waveguiding dependence on the refractive index. The 
electric field is assymmetric in the right hand diagram due to 
the different indices of the left and right cladding.
2.2.4 The effect of strain.
Up until 1986, most growth was performed with the objective of producing a uniform 
crystal with no strain between adjacent material layers and hence avoiding dislocations, 
which can act as non-radiative recombination sites. However, Adams [4] and 
Yablonovitch and Kane [5] proposed benefits by the use of strained layers in 
semiconductors.
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Figure (2.7): (a) separate layers and (b) the epi layer in compression.
If the epi-layer is thin and the substrate thick then all the strain can be considered to lie 
within the epi-layer. The epi-layer in figure (2.7) has a larger lattice constant than the 
substrate so it is in compression parallel to the growth plane. The strain perpendicular to 
the plane, using the convention that compressive strain is positive, given by
£i = —2 (Ci/C//) £// (2.5)
where C i and Q/ are the elastic constants perpendicular to and in the growth plane 
respectively. The strain perpendicular to the plane {£i) has the opposite sign to that in the 
plane (8 //) because the lattice constant is stretched (tensile strain) in this direction by way
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of compensating for the applied stress. The ratio CJCn ~ V2 for semiconductor materials 
so 8 1  ~ -8 //, although the total in-plane strain is equal to -2 8 // (including both directions in 
the plane). In order to relate this to the band structure of the crystal it is useful to consider 
axial strain (83%) and hydrostatic strain (8 xyz) where
£ax = Gi — 8// (2.6)
Exyz — Ej_ + 28// (2.7)
The axial strain gives the difference between the perpendicular strain and the uni-axial 
in-plane strain and therefore represents the anisotropic effect of the strained layer. This 
anisotropy affects the cubic symmetry of the crystal by splitting the degeneracy of the 
heavy and light hole valence bands, at the zone centre, by moving the heavy hole to 
higher energy relative to the light hole in the growth direction with compressive strain 
(figure (2.8)). The hydrostatic strain is a measure of the strain in all three directions 
(x,y,z) and can be thought of in a similar way to the application of hydrostatic pressure. 
So in a similar way to increasing hydrostatic pressure, a net positive value in equation 
(2.7) will result in an increase in the band gap (Eg). We therefore have
AEg = a8 xyz (2.8)
AS = b8ax (2.9)
where AS is the change in the light and heavy hole splitting shown in figure (2.8) and a 
and b are known as the deformation potentials which are dependent on composition. The 
effect of tensile strain is calculated in a similar way but the signs are reversed resulting in 
a decrease in the band gap and the light hole is moved to higher energy in relation to the 
heavy hole valence band.
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Figure (2,8): showing the breaking of the light and heavy hole 
degeneracy due to compressive strain
The effect of strain can therefore be used to extend to wavelengths otherwise unavailable 
using lattice matched compounds. There is however a limit to the amount of strain that 
can be introduced without causing dislocations. The Matthews and Blakeslee model [6] 
relates strain to the critical layer thickness, by considering the critical energy required to 
create a dislocation. The limiting strain thickness product in active layers is typically a 
few hundred Â% .
The other effect of strain concerning the heavy and light hole splitting is that the in-plane 
(x-y) mass becomes lighter (schematically shown in figure (2.8)). The lighter mass has 
the effect of reducing the density of states according to the equations in figure (2.3) and
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the required quasi-Fermi level splitting (equation (2.1)) can be reached for a lower 
current density. It should be noted that there is already heavy and light-hole splitting in a 
quantum well structure due to the confinement energy. Compressive strain increases this, 
but tensile strain will initially restore the heavy and light hole degeneracy and at higher 
levels of strain will produce splitting in the opposite sense.
2.2.5 Current confinement and leakage with GalnP/AIGalnP.
Chapter 1 showed how the improvement in laser performance was partly a consequence 
of different regimes used to enhance current confinement. Presently, the type of EEL 
structure used for many commercial applications is based on a number of quantum wells 
within a double hetero-structure. The current confinement changes according to the 
wavelength required, as this dictates the material composition that can be used. There are 
two particular problems with GalnP/AlGalnP in terms of current confinement.
Firstly, there is known to be thermally activated non-radiative carrier leakage from the 
direct F- conduction band minimum into the indirect X-minima [7,8] (see figure (2.9)) 
Secondly, the maximum electron confinement available, with respect to the hetero­
structure offset energy, is only ~ 0.17eV, approximately half that in the GaAs/AlGaAs 
system [9]. Figure (2.9b) shows a schematic illustration of the band gap for a low value 
of X in (AlxGai.x)o.5lno.5P in k-space. The X-minimum has a larger effective mass 
(indicated by low curvature ) resulting in relatively jkorf scattering time [1 0 ], so once the 
carriers have populated an X state they take a longer time to revert back to the direct 
F band.
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Figure (2.9) schematic illustration of the F and X band structure for AlGalnP 
(a) showing thermal leakage in real space (b) in k-space.
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As the aluminium content is increased both the direct (Eg) and indirect (Ex) band gaps 
increase. However, the direct band gap increases at a faster rate than the indirect band 
gap and at x ~ 0.7 there is direct-indirect crossover. Figure (2.10) shows that for x>0.7 
the indirect band gap continues to increase but the conduction band offset decreases with 
respect to GalnP making electron leakage more likely. So in terms^lectron confinement 
for GalnP QWs and (AlxGai_x)o.5lno.5P barriers^ x=0.7 represents the optimum 
composition for this material system.
Ga lnP
0.3
>(Ü 0.2 -
Eg band gapPQ< Ex band gap
0.0
GalnP Band gap 1.91 eV
0.0
0.1
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AllnP
x in (Al,Ga,i.Jo.5lno.5P 
Figure (2,10): compositional dependence of the band offsets in AlGalnP [11,12],
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In a practical device however, carrier leakage is not the only concern and the laser 
structure must balance this against optical considerations. In a quantum well edge 
emitting laser structure it is desirable to have a suitably large refractive index contrast 
between the active region and the cladding layer (section (2.2.3)). A typical compromise 
for this material system is for the barriers to be (Alo.3Gao.7)o.5lno.5P and cladding layers 
comprising of (Alo.7Gao.3)o.5hio.5P* This gives a reasonable refractive index contrast and 
the best possible electron confinement within the SCH.
2.2.6 The temperature dependence of the threshold current
A simple model for the threshold current is to consider it being comprised of a radiative 
contribution Irad and a leakage component Iieak giving
Ith — Irad Ileak • (2.10)
The radiative current threshold can be approximated through Boltzman statistics as
I r a d ( t h )  =  e V B n , h ^  ( 2 . 1 1 ) '
Inserting nth T and B ©c 1/T [13] for an ideal quantum well into equation (2.11) gives
Irad-T  (2.12)
The leakage current involves electrons crossing an energy gap as they are thermally 
activated to populate the X-minima. Generally in physics, this type of process is/I '
proportional to the number of carriers present and is therefore exponentially dependent on 
the energy gap. For diffusion driven leakage lieak can be simply expressed as
(2.13)
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where Ea is the activation energy of the leakage process and represents the energy 
difference between the indirect band and the conduction band Fermi level (E% -  Efc) and 
kb is the Boltzman constant. By measuring the threshold current temperature dependence 
it is therefore possible to estimate the activation energy assuming leakage to be the only 
loss mechanism.
2.2.7 The characteristic temperature (To).
A convenient and sensitive measure of the temperature dependence of the threshold 
current of a semiconductor laser is a differential measure known as the characteristic 
temperature (To), defined by
L  = 1 . Ë j!l . (2.14)
To I,H dT
A large To, thus represents a low temperature sensitivity and ideally from equation (2.12) 
if there is no leakage then To = T.
2.2.8 Threshold gain and gain spectrum.
For photons travelling through a medium causing stimulated emission, the photon density 
will vary with position (x) according to the flux equation
(2.15)
where g is the gain, po is a constant and Oi is the internal loss per unit length. The 
threshold gain condition will be reached when the gain balances all the material and 
mirror losses. The threshold gain condition can be written as
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(2.16)
where F is the optical confinement factor which is the fraction of the optical field 
overlapping the active region. In a VCSEL there are transverse and longitudinal parts to 
F given by F=FtFi where Ft extends across the active region and is usually close to unity. 
Fiis the overlap of the field in the growth direction and its value will depend on the 
placement of the quantum wells with respect to the optical standing wave [14]. The 
product R 1R2 represents the reflectivity of the end facets or mirrors (including absorption) 
and Lcav is the cavity length, which in the case of a VCSEL represents an effective cavity 
length [15]. Equation (2.16) gives the threshold gain, but this of limited use without 
knowledge of the gain spectrum. In order to generate a gain spectrum, which will give the 
gain at different transition energies, it is necessary to quantify the number of upward and 
downward transitions in response to an incoming flux in a given optical mode.
Figure (2.11a) shows that only specific transitions are actually allowed, defined by the 
“k-selection” rules. In an idealised, infinite quantum well with pure material composition 
these restrictions are: (i) only vertical transitions, where momentum is conserved, can 
take place and (ii) only transitions with the same quantum number (i.e. ne=nh) are 
allowed. As the conditions move away from ideal however, forbidden transitions then 
start to have a small probability of occurrence. Although the k-states are close (appearing 
to form a continuum), the gain spectrum shown in schematically in figure (2 .1 1 b) is 
formed from an infinite series of transition energies broadened due to carrier-carrier 
scattering limiting the lifetime of a given state.
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Figure (2,11): (a) the allowed inter-band transitions from different sub-bands 
resulting in (b) a gain spectrum.
2.2.9 Description of the gain model.
The gain model used to generate a GalnP gain spectrum in this thesis is similar to that 
described in [16,17] and was developed by T.E.Sale, the skeletal procedure of which is 
shown in figure (2.12). Material parameters for AlGalnP are calculated using an 
interpolation scheme between binary compounds AlP, GaP and InP [18,19], with 
appropriate ternary and quaternary bowing parameters where these are known. The 
temperature dependence of the band gap is included through the Varshni relation [20]. 
The conduction band is assumed to be parabolic but band mixing and strain effects are 
calculated for the valence band. Introducing carriers is done by setting the carrier density
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Figure (2.12): schematic procedure of the gain model.
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and stepping the quasi-fermi levels until the required carrier density is found. Band gap 
renormalization and broadening is applied as [17] except that a Gaussian broadening 
function is used to account for inhomogeneous broadening which is believed *fc® 
dominant in determining the lineshape in the structures studied here. This is justified by 
the fact that the quantum well spontaneous emission spectra are measured to be unusually 
broad [21]. This suggests that factors such as interface quality of the quantum well and 
well width fluctuations, both inter and intra-well, dominate the broadening.
2.2.10 Internal and differential quantum efficiency.
The transparency condition occurs at a particular carrier injection level (ntr) where the 
probability of stimulated emission becomes equal to absorption. The gain is then equal to 
zero and any facet emission will be purely spontaneous emission. A further increase in 
current is then needed to overcome the optical losses. The current this occurs at is the
lasing threshold (depicted in figure 2.13) and experimentally it can be identified by:
(i) a sharp rise in the light output
(ii) a narrowing of the spectral line-width
(iii) a change in the far field pattern
(iv) pinning of the carrier density seen by pinning of the spontaneous emission
The sharpness of the threshold is affected by the fraction (O^P^l) of spontaneous 
emission that couples into the lasing mode. For a sharp threshold, this should be minimal 
and the spontaneous emission pins whereby, all additional current above threshold
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contribute to stimulated emission. However in the limit of P 1, Ith can actually be 
reduced to produce a more efficient thresholdless laser.
L
AL
Stimulated emission
Spontaneous emission
I
Figure (2,13) schematic illustration of an LI curve for an EEL,
The differential quantum efficiency is a measure of how efficiently additional electrons 
convert to photons and is given by
^ q \d L
dl
(2.17)
where dL/dl is the slope shown in figure (2.13). The internal efficiency can be related to 
the differential efficiency (equation (2.18)) by multiplying it by a factor equal to the 
fraction of photons emitted by the end mirrors to the total number of photons generated, 
giving
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where Om is the mirror loss (both facets) and relates to the second term on the right hand 
side of equation (2.16), by (%m=ln (1/R)/Lcav where R is the product R 1R2 .
2.2.11 The application of hydrostatic pressure to semiconductors.
Hydrostatic pressure is an extremely useful tool in semiconductor physics as it can be 
used to continuously vary the emission energy of a laser enabling the study of band gap 
dependent processes. The way pressure effects band structure is complicated and by no 
means intuitive. For instance, typically for 111-V semiconductors the F  direct band gap at 
the Brouillon zone centre and the indirect L band increase with applied pressure at rates 
of -100 and 50 meVGPa'^ whereas the indirect X band decreases at a rate of -10 
meVGPa*^ [22]. A fundamental effect as atoms are compressed closer together is an 
increase in bonding/anti -bonding splitting and a widening of the band gap. However the 
band edge along different crystallographic planes starts to interact with higher states and 
this has the effect of depressing the conduction band edge in relation to the valence band. 
The net effect will depend on the specific band structure and the relative strength of band 
interaction.
2.2.12 Pressure dependence of GalnP/AlGalnP.
The effect of applied pressure on AlGalnP is to increase the direct (Fc - Fv ) while 
decreasing the indirect (X<- Fy)  gap, resulting in a net decrease in the X and F
2 - 2 4
conduction band minima separation (Xc - Fc) [23], (see figure (2.14)). This decrease will 
clearly increase the leakage current (lieak).
Conduction
Band
d E f / d P
Band Gap Energy (Eg)
Valence 
Band
d E x /d P
Figure (2.14): the effect of pressure on the direct and indirect band gaps.
Taking equation (2.10), 1th = Fad + Feak it is possible to derive an expression for the 
pressure dependence of the leakage current.
The first term Fad , in ideal quatum well lasers where losses are negligible is given by 
equation (2 .1 1 ) as Fad Bn^^ . At fixed temperatures nth is proportional to the square 
root of the product of the electron and hole effective masses [24]
nth nihme. (2.19)
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Both B and nig are proportional to the band-gap (Eg) whereas the hole mass is largely 
insensitive to band-gap changes [24]. Therefore for quantum well lasers, application of 
pressure brings about a linear change in the bandgap and will effect Irad through
Irad“ ( E f  (2.20)
The second term in equation (2.10) given by equation (2.13) can be differentiated with 
respect to pressure to give
(2.21)
.  k T d P ,
Therefore, by measuring the threshold current pressure dependence it is possible to both 
measure the leakage current as a function of band gap energy and also estimate a value 
for the activation energy.
2 - 2 6
Part II: VCSEL concepts.
2.3.1 Bragg stacks.
The active region thickness being considerably thinner than the lasing wavelength, 
means that rather than relying on material gain over many periods of the optical 
standing wave, VCSELs rely on highly localised sections of gain. If the threshold gain 
equation (2.16) is considered, the second term, (l/TLcav)ln(l/R) is increased by having 
a small Lcav and must be compensated by having a reflectivity R approaching unity. 
The best metallic mirrors, at a wavelength of 650nm e.g. silver film, are limited to a 
reflectivity of R -  0.980 [25] and also have high absorption. However, a discontinuity 
provided by two materials with low absorption coefficients, e.g. AlGaAs and GaAs, 
with a low refractive index contrast produces a low reflectivity but with almost no 
loss. A very high reflectivity of R~ 0.999 may be produced with AlGaAs/GaAs 
interfaces by using many pairs which add reflections constructively.
2.3.2 Reflectivity calculation
There are two methods often used to calculate R in multiple layered structures:
(i) The coupled mode method (by Koge\x\.ik and Shanks) [26].
This considers a linear analysis of two counter-running waves at the resonant 
frequency of the periodic structure. Both waves grow due to gain of a medium and the 
back scattering of the counter-running wave at the interfaces and in this sense they are 
coupled. The coupling constant Kis introduced as a function of the gain and the 
refractive index contrast and is a measure of the strength of the backward Bragg 
scattering or feedback per unit length of the structure, k  can be found by Fourier 
analysis of the refractive index with depth.
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Counter running 
waves
E'
ni Ü2
/ Back scattering from E adds to E"^  
/ coupling E to E^ quantified b y  k
( Â
À/4
Back scattering from E
and E' grow through K(n,a) which is a measure of the structural feedback
Figure (2.15): illustration of coupled mode theory.
The reflectivity near to threshold for a periodic length L is found to be
R = tanh^ (kL) CL2 2 )
(ii) tranmission matrix method (by McLeod) [27].
This method considers the electrical and magnetic field input and output in a 2x2 
matrix form of each element (usually À/4) of a multilayer structure using Maxwell’s 
equations.
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B in
COS 8  (/sin 8 )/ri 
yTfsin 8  cos 8
E out
Mi = (2.23)
H in H out
d - thickness
Figure (2.16): showing the transmission matrix approach for the reflectivity of 
a multi-layer stack with 8 = iTtNdcosO/X and rj (TE) = NcosO or 
T] (TM) = N/cosO where N = n-ik with k the extinction coefficient and 
0 - the angle o f propagation to surface normal
The input and output fields of a multi-layer stack (n layers) are then related through
 ^E(in) ^ 
H(in)
= \ [ M , ^E {oŸ
yH{p)
(2.24)
and the wave admittances (Y) are given by the ratio of the input and output fields. 
The reflectivity of the stack is then given by
02.25)
Fom ii +  +  ^21 +  ^s^22
where Y are wave admittances and the subscripts o and s refer to incident and 
substrate media respectively. The my terms are the elements of the matrix
f[A/,= (2.26)
^21 W22
For non lossy mirrors at the resonant wavelength and high total reflectivity equation 
(2.26) reduces to equation (2 .2 2 ) for the coupled mode theory where
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kL  = —In 
2
n„ + m\n (2.27)
Sale [14] shows the versatility of the matrix transmission method by extending it to 
calculate the reflectivity for lossy mirrors and non-resonant conditions.
Although the result of using Bragg stacks is to give the required high reflectivity, it 
also complicates the reflectance spectrum, an example of which for a full VCSEL can 
be seen in figure (2.17). This has the consequence of obscuring PL measurements of 
the quantum wells, although photo-modulated (PR) spectroscopy is still possible.
Stop Band
1
s Cavity mode
0
640 650 660 670 680 690 700
À(nm)
Figure (2,17): measured reflectance spectrum for IX cavity GalnP/AlGalnP VCSEL 
with 34bottom and 54 top Alo.5Gao.5As/Alo.9 5Gao.05As mirrors.
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Nevertheless this can be used advantageously to compare growth quality with original 
specification. The central dip in the spectrum is the cavity mode, which dictates the 
lasing wavelength of the device, and occurs at a wavelength determined by the optical 
path length of the cavity (an integer number of À/2 typically 1 to 3X). The effect of 
the high reflectance “stop band” is significant in that its width is usually much less 
than the longitudinal mode spacing in the short cavity meaning that VCSELs usually 
exhibit single longitudinal mode selectivity. In the case of figure (2.17) the stop band 
is approximately 40nm wide and the next nearest longitudinal modes are 325nm 
either side of the cavity mode (well outside the stop band).
2.3.3 The effect of leakage on the Bragg stacks
The mechanism of leakage via the X-minima has been shown with the material 
system GalnP/AlGalnP in section f2.7.s). The Bragg stacks for this system use a 
combination of the composition AlxGai.xAs/ AlxGai-xAs where x varies from 0.5 to 
0.95 between adjacent layers in order to give a refractive index contrast for a mirror 
pair. AlGaAs also has an X-minima at a similar energy to the X-minima of AlGalnP 
(depending exactly on compositions). This means that leakage results in an increased 
electron density in the p-type mirror, as there is a current path via the adjoining X- 
minima. As free carrier absorption depends on an electron scattering process, as well 
as phonon interactions, increased carrier density has a degrading effect on the mirror 
reflectivity [28]. The absorption coefficient for Alo.5Gao.5As while being small, is 
dependent on the electron density (no), through a  ~6 xlO'^^no cm'^ [29]. Figure (2.18)
shows, at electron densities resulting in a  = l-lOOcm'% how absorption which 
reduces mirror reflectivity «effects the output coupling. Beyond a certain number of 
mirror pairs (e.g. 30 for oc=lcm*^) this can be seen to be severe.
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Figure (2,18): output coupling efficiency AlAs/GaAs mirror pair number (m) 
dependency courtesy of TE, Sale,
2.3.4 Strain in a VCSEL.
In a quantum well laser the heavy hole states near the zone centre interact with the 
electric field components polarised in the growth plane (TE mode) and the light holes 
states interact more strongly with the out of plane field (TM mode). As compressive 
strain raises the heavy hole “like” band in relation to the light hole (see figure (2 .8 )), 
the TE mode is preferentially enhanced and the TM mode is suppressed. In a VCSEL 
the electric field propagates in a direction perpendicular to the growth plane so the 
field components are all in the plane. Therefore the benefits of compressive strain can 
be utilised in a VCSEL but not those for tensile strain.
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2.3.5 Gain cavity alignment.
The consequence of the Bragg Stacks is to restrict the lasing energy to that of the 
cavity mode. This puts a high demand on growth quality, because for optimum 
operational performance the peak of the gain spectrum should be coincident with the 
cavity mode (tuned in figure (2.19)). For example, a growth error of 5% in a IX cavity 
(~200nm thickness for 650nm emission wavelength) would represent a shift in the 
cavity mode of approximately +10nm [14]. This would take the gain peak (the QW 
thickness is less critical) outside the stop band and clearly the device would be non- 
operational. However MOCVD and MBE improvements have brought growth 
specification typically to within ±1% across a wafer [14] and uniformity of up to 
0.2% has been claimed for MBE [30]. The schematic illustration in figure (2.19) 
shows the consequence of gain cavity misalignment (detuned in figure).
Reflectance spectrum
  Tuned gain spectrum
_ _. De-tuned gain spectrum
Gain
gth
Tuned spectrum
reaches gth at Eiase
Detuned spectrum 
below gth at Eiase
Cavity mode energy- Eiase
Figure (2,19): threshold gain must be reached at the cavity mode energy.
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In order to reach threshold gain, the part of the gain spectrum at the cavity mode 
energy must be at the gain threshold. Clearly misalignment will require an increase in 
threshold current.
2.3.6 Self-heating and loss mechanism coupling in VCSELs.
VCSELs have a low surface-area/volume ratio compared with conventional EELs 
which gives them a high thermal resistance. This makes them particularly sensitive to 
thermally activated loss mechanism such as leakage or Auger recombination. If the 
device is unable to dissipate heat generated by joule heating quickly enough then the 
internal temperature will increase. This will cause the threshold current to increase 
through an increased demand from the loss mechanism, which in turn causes a further 
increase in the internal temperature due to ohmic heating. The loss mechanism is thus 
coupled to the self-heating effect. In order to estimate the internal temperature of 
VCSEL and to assess the degree of this coupling, amongst a number of approaches 
are:
(i) In order to avoid self-heating, the device can be run pulsed at a suitably low 
duty cycle (<1%). A comparison can then be made with the device operated 
c.w.
(ii) As the cavity mode lasing energy Eiase changes with temperature it can be 
used as a reference to the active region temperature. By measuring the rate at 
which Eiase changes with increasing current and dividing by the rate Eiase 
changes with temperature (at a low pulsed current), a heating rate as a 
function of current can be estimated
^  = (2 ,28) 
dl d E , J d T
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(iii) employing a thermal model described in the next section.
2.3.7 Thermal model.
The model used in this thesis is a simple finite difference model based on Poisson’s 
steady state heat equation in 2D. Due to the cylindrical symmetry of the VCSEL it is 
convenient to use cylindrical polar co-ordinates, giving:
a Y  \ d T  _ q  
dr  ^ dz  ^ r dr k
where r and z are measured along the radial and longitudinal directions respectively. 
T is the temperature, q the heat generation term per unit volume and k the material 
thermal conductivity. By making a number of assumptions we can simplify our model 
considerably in comparison with more sophisticated approaches [31,32]. It has been 
assumed that all input power is converted to heat, there is no current spreading and 
that effective isotropic thermal conductivity values for layered structures can be used.
As the model is used solely with analysis at threshold it can be assumed that all light 
is re-absorbed and so all the electrical power is converted to heat. It is also usual to 
assume that all the heat produced is dissipated through the substrate (held at room 
temperature) and none flows through the mesa wall into the surroundings [32]. A 
major simplification, which has been shown to make little difference to the device’s 
final internal temperature [33], is to disregard current spreading. Instead it is assumed 
that the current path is defined by a cylinder whose radius is given by the current 
aperture. Thermal conductivities are weakly temperature dependent [34] but can be 
taken as constant over a small range. Finally, it is necessary to estimate the voltages 
across different layers of the device and hence the heat generation terms. To do this
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the total voltage measured from the I-V characteristics is taken corresponding to a 
given current and distributed in the following way. The voltage drop across the active 
region is taken to be the photon energy at the lasing wavelength. To account for re­
absorption of spontaneous emission in the mirrors, the voltage is spread exponentially 
into the Bragg stacks (the residual voltage is then divided uniformly across each set of 
mirrors). The series resistance across p-doped GaAs/AlGaAs is larger than that of n- 
doped but this is offset by the different ratio of mirror pairs: 54/34. However it is 
found that varying these voltages, including a small voltage drop across the p-contact, 
makes virtually no difference to the final thermal contour, providing that the major 
voltage drop occurs across the active region (as verified from the I-V characteristics).
2.3.8 Temperature dependent gain-cavity detuning
All VCSELs are effected by the temperature dependent mechanism of gain-cavity 
alignment. As the internal temperature rises the gain spectrum is changed in two 
principle ways. Firstly, the carrier energy distribution is broadened resulting in a 
broadening of the gain spectrum and also a reduction in the peak gain occurs [35]. 
Secondly the band gap Eg decreases according to the Varshni relation [20] and the 
peak lasing energy Eiase moves to a lower energy. The cavity mode is also affected by 
a change in internal temperature due to the change in the optical path length of the 
cavity. This is caused primarily by the refractive index temperature dependence and 
secondly to a lesser extent by the material thermal expansion. However the change in 
the cavity is typically about a quarter of the movement of peak gain [32] and this 
brings about a temperature dependent tuning/ detuning effect shown schematically in 
figure (2 .2 0 ).
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□
Increasing
Temperature
Energy
<!=i Cavity-mode shift
Figure (2,20): schematic illustration of the temperature dependence of 
the gain spectrum and gain-cavity alignment.
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2.3.9 LI characteristics.
Figure (2.21) shows a schematic LI curve for a VCSEL. The threshold current (1*) 
occurs when all the device losses have been overcome by the quantum well gain. The 
external quantum efficiency is given by the slope. As current is increased, self-heating 
becomes significant due to joule heating which is exacerbated by the compact VCSEL 
geometry. Even if there were no thermally activated loss mechanisms such as leakage 
or Auger recombination, gain-cavity de-tuning would limit the maximum possible 
power output (Pmax)- “Roll-over” at a current (Imax) corresponding to Pmax , occurs 
when increased current causes heating that makes the threshold current rise faster than 
the drive current. This rise in Ith(I) is a result of gain-cavity misalignment and/or 
optical and carrier losses.
Power, L
EEL LI curve no “roll 
over” until much higher T
max
VCSEL LI curve “rolls 
over” due to self-heating
Current, Imax
Figure (2,21): comparison of LI Characteristics of a VCSEL 
with that of an edge emitting laser an EEL
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As the thermal management is not such a problem with edge emitting lasers and there 
is not the restriction of gain-cavity alignment, roll-over is not so clearly defined and 
would occur at a much higher current. Eventually, as the current continues to increase 
in a VCSEL, the threshold gain cannot be reached and the device will stop lasing.
2.3.10 Self-heating, detuning and loss mechanism coupling.
Gain-cavity detuning coupling to the self-heating of the VCSEL causes roll- over of 
the LI characteristics. If there is a thermally activated loss mechanism with the 
material system being used in a VCSEL, this will also couple with the self-heating.
GAIN-CAVITY 
Tuning/De-tuning
2-WAY COUPLING
VCSEL SELF-HEATING
Figure (2,22): illustrating the relationship of leakage, gain-cavity alignment 
and self-heating coupling.
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There is then a two way coupling (illustrated in figure (2.22)) whereby, the loss 
mechanism increases the current for a given power requirement, which then increases 
the internal temperature causing gain-cavity de-tuning. The de-tuning then increases 
the current needed to reach threshold gain, which causes a further rise in the internal 
temperature and hence, a self-appreciating current requirement. Both with or without 
self-heating (self heating is avoided by pulsed operation) detuning increases the 
leakage by increasing the current threshold, indicated by upper arrow in figure (2 .2 2 ).
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Figure (2,23): measured LI characteristics for a 670 VCSEL at different pressures.
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The effect of the loss mechanism is firstly to increase the threshold current, and 
secondly to increase the rate of gain-cavity de-tuning. Pmax therefore decreases s as 1* 
and Imax move closer together. The effect of increasing leakage can be seen in figure 
(2.23) where the LI characteristics are shown for a VCSEL as a function of increasing 
pressure. Increasing pressure, increases the leakage current in AlGalnP VCSELs 
together with gain cavity detuning (see the following section) and this results in a 
decreasing Pmax-
2.3.11 The effect of pressure on VCSELs.
Section (2.2.12) describes how the use of pressure can be used to investigate band-gap 
dependent processes in semiconductors. For the multi-layered structure of VCSELs it 
is particularly useful where the alternative to changing the band gap would be to grow 
a range of devices. This would require modification of almost all the layer thicknesses 
and the subsequent growth variation may obscure the fundamental physics. For 
example, by applying pressure to a single 665nm emitting VCSEL, the emission 
wavelength can be reduced towards 650nm in order to investigate the leakage 
current’s band-gap dependence.
The pressure effects on the active region of the VCSEL will be the same as that in 
section (2.2.12). However the pressure also strongly affects gain-cavity alignment as 
the peak of the gain spectrum and the cavity mode move at different rates with 
pressure. The pressure variation of the threshold current will therefore depend on both 
leakage and gain-cavity alignment. Figure (2.24) shows a schematic illustration, of the 
effect of increasing pressure on gain-cavity alignment where the cavity mode is 
initially on the high energy side of the gain spectrum (figure (2.24 (i))).
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Figure (2,24): pressure dependence of gain-cavity alignment.
2- 42
In order for the VCSEL to lase, the part of the gain spectrum at the cavity mode 
energy must be at threshold gain for a given carrier density. The threshold current in 
this case is obviously higher than it would be if we had ideal gain-cavity alignment.
As the pressure is increased however the gain-peak moves to higher energy at a faster 
rate and the gain peak and cavity mode move into alignment (ii). In this case there is a 
minimum carrier density for the VCSEL to reach threshold gain assuming no pressure 
dependent loss mechanism. If the applied pressure is further increased, the cavity 
mode transfers to the low energy side of the gain spectrum and the device is detuned
(iii).
It should also be noted that as the gain spectrum is assymmetric, detuning will tend to 
be more severe when the cavity mode detunes on the low energy side of the gain 
spectrum. It is useful to compare this with gain-cavity alignment effects due to 
increasing temperature in figure (2.20). The tuning/detuning effects are similar, 
except that the gain-peak and the cavity mode move to lower energies with increasing 
temperature. Another important difference is that the gain spectrum broadens at 
higher temperature, whereas changing pressure, at a set temperature, will only have a 
small effect on the gain spectrum shape. The effect of detuning with increasing 
temperature is thus tempered not only by the cavity mode detuning down the 
shallower, high energy side of the gain spectrum but also by the broadening gain 
spectrum. Pressure experiments are thus again invaluable because they allow the 
profiling of a near to constant gain spectrum at a fixed temperature.
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Chapter 3
Experimental Techniques
3.1. Introduction.
This chapter deals with the experimental techniques required to characterise edge 
emitting lasers (EELs) and vertical cavity surface emitting lasers (VCSELs) in the 
wavelength range of 650-680nm. It is primarily concerned with describing the 
practical methods of collecting data relating to laser performance indicators (such as 
the threshold current) as a function of temperature and hydrostatic pressure. The 
systematic implications and the limiting experimental factors of the apparatus used 
are discussed.
3.2 Light-current characteristics for EELs.
The experimental set up for edge emitting laser facet light characteristics is shown in 
figure (3.1). The devices used were all un-bonded bare chips and were mounted p-side 
down, on a customised laser clip shown by item 1 2  in figure (3.1), to minimise 
heating effects.
For pulsed measurement the power supply was provided by an AVTECH (AV- 
lOllA-C) pulse generator. This is an instrument capable of 200W peak pulse power 
at repetition rates of up to IMHz with an output amplitude of up to lOOV and a 
variable source resistance for impedance matching. The pulse width lower limit is 
90ns with a rise and fall time of less than 10ns into a suitable load. A large area, anti­
reflection coated, silicon detector is placed close to the end facet in order to collect all 
of the emitted light.The output of the detector is a.c. coupled to avoid saturating the
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EEL Sample
KEY:
1) PC for system and data control
2) GPIB connector
3) Digital Oscilloscope
4) (i) AVTECH voltage source
(ii) Keithley current source
5) Current Probe
6 ) EEL and 47^  series resistor
7) (i) Silicon detector
or (ii) Anritsu detector
8 ) Detector power supply
9) Lock-in amplifier (LIA)
10) LIA d.c. output
11) Power supply trigger signal
12) Laser holder
Figure (3,1): the experimental set-up for EEL L-I characterisation,
lock-in input and then fed into an EG&G lock-in amplifier which is compared to a 
reference signal from the signal generator. The lock-in amplifier selects the 
fundamental frequency of the current source and so filters out frequencies other than
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the source signal and the lock-in amplifier detection phase is adjusted to maximise the 
signal. The common mode rejection ratio is typically 120dB at IkHz which enables a 
signal of 10  ^times smaller than the background noise to be retrieved. The d.c output 
from the lock-in amplifier is then connected to an oscilloscope which records a 
voltage proportional to the light output from the laser facet. The system can either be 
operated manually or, as all the instruments have GPIB facilities, via a LabView 
program running on a P.C..
For c.w. measurements the current was supplied by a Keithley 220 constant current 
source which has a range from 2nA to 100mA. In this type of measurement the 
detector, lock-in amplifier and oscilloscope can all be replaced with a single c.w. 
optical power meter. The type used was a ANRITSU (ML910B) which is a silicon 
detector internally calibrated for a chosen wavelength over a range of 400-1 lOOnm. 
Its minimum absolute detection power of ~10pw and O.OOldB resolution was of a 
sensitivity below the best “blackout” available in the laboratory.
3.3 Light-current characteristics for VCSELs.
A very useful practical advantage of the surface -  normal geometry of VCSELs is 
that they can be initially probe tested at the metallised wafer stage before being 
cleaved into discrete devices and packaged (standard EELs can only be tested after 
cleaving). This is obviously useful for production and also for research purposes 
when identifying suitable devices for later experiments. Figure (3.2) shows a 
schematic illustration of the probe station used for light-current characterisation. 
Individual VCSEL devices were located with the help of the CCD camera using 
micro-positioners on the device stage. The probe tip makes the p-side contact on the
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gold annular metallisation surrounding the light aperture. The majority of the VCSEL 
devices used in the BREDSELs project were arranged in a double 1x8 array for use 
with Ix 8  plastic optical fibre ribbons (although some were 8 x8  or larger) and can be 
systematically analysed with ease using this set up.
CCD Camera
4— 750% Reflective Mirrors
White 
Light Source
Focusing 
Optics
White Light Path
Monitor
Device Emission 
Probe tip
Device 
under test
x-y Stage 
Micro-Positioner
Silicon Photo-detector
-c
Voltmeter
Computer
Probe positioner 
on probe stage
—1
47 Q
_ lL_ __ J □
Current Source
Figure (3.2): illustration of the probe station for LI characterisation on wafer.
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The power supply and detection system for pulsed and c.w. measurement are the 
same as those described for the EEL characterisation. However the detector has to be 
placed some distance from the device and together with the beam splitters and 
focussing optics the collection efficiency is substantially reduced ( - 1 0 % depending 
on the exact alignment). However this is not a problem, as once an appropriate 
device has been located using the probe station, it can be mounted, bonded and then 
an absolute light output can be made using the set-up for the EELs (this is also a way 
of calibrating the collection efficiency of the probe station).
3.4 Temperature dependent experiments.
Temperature dependent measurements were carried out using an Oxford Instruments 
(DN1704) nitrogen static gas exchange cryostat, allowing the temperature to be 
varied between 77K and 400K. Measurements included (i) L-I characteristics, in 
order to determine Ith and Imax , (ii) spectral measurements using an optical spectrum 
analyser to measure the lasing spectra where the light was collected using an optical 
fibre in place of the detector.
A schematic illustration of the cryostat is shown in figure (3.3). The sample is 
positioned inside the window block so that light is emitted through one of the five 
windows (4 side and 1 bottom window). This is just below the sample space heat 
exchanger, which houses a small heater and a lOOQ platinum resistance heat sensor. 
These are connected via a lOpin electrical port with an outside temperature controller 
and balance electrical heating against the cooling effect of liquid nitrogen. The liquid 
nitrogen is stored in a reservoir surrounding the sample space that is thermally 
isolated from it but is connected to the heat exchanger via a small capillary tube. The
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flow rate of nitrogen is controlled with an exhaust valve located at the top of the 
cryostat.
Sample Space Access - fo r  electrical contact
/o  sample and side- valve fo r  dry N2
Liquid N2 Reservoir 
Filling Port
Electrical connection to 
temperature controllerEvacuation Port for Outer 
Vacuum Chamber
N2 Reservoir 
Exhaust Valve
Outer Vacuum 
Chamber .Nitrogen Reservoir
Heat Exchanger
.JDetector
Sample
Lens
Sample Windows
Figure (3,3): schematic illustration of a nitrogen static exchange cryostat
The sample space and nitrogen reservoir are thermally isolated from the outside 
surroundings by an outer vacuum chamber. This is pumped before cooling and then 
continuously maintained at a high vacuum (pressure ~10‘^  Torr) throughout an 
experiment with a rotary backed diffusion pump. The sample space is evacuated and 
refilled with dry nitrogen several times to a pressure of ~10'^ Torr and finally filled
3 - 6
with dry nitrogen. This is necessary to remove any moisture which could damage the 
laser when frozen and which may also change the reflectivity of the end facet for 
EELs or outer mirrors for VCSELs. Nitrogen left in the sample space keeps the 
sample and heat exchanger in thermal equilibrium.
The Oxford Instruments temperature controller (TED 350) is calibrated for various 
sensor inputs including the platinum resistor, which was used in all the experiments. 
The temperature stability using this set up was better than +0.2°C, after allowing 15 
minutes for thermal stabilisation. The platinum resistor calibration provided by the 
manufacturer is accurate to +0.5°C over this temperature range. However, previous 
experiments [1 ] suggest that there maybe a shallow temperature gradient through the 
sample space resulting in as much as a 3°C (greatest at 77K) difference between 
sample and heat exchanger. So in total, the error in the temperature may be as large as 
~4°C.
The laser L-I characteristics were measured using the experimental set up described
in figure (3.1). The collection efficiency using this system can be estimated by
comparing the L-I characteristics at room temperature with those when the device is
I
close (1mm) to the detector. The VCSEL's low divergent beam is clearly hepful in
A
this respect. A Gaussian beam has an angular spread of 0 = 1.22( X/d) radians. For a 
wavelength of 665nm and a 14pm aperture there is a divergence angle of 3.3° away 
from the normal for a VCSEL. For a typical EEL the vertical divergence (orthogonal 
to growth plane) is +30° [2] due to the narrow depth of the waveguide. At a distance 
of 1mm the spot size diameter will be 0.12mm for the VCSEL and 1.15mm for the 
EEL (across the major axis) which is much less than the diameter of the large area
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detector (-15mm) used here. However, at a distance of 10cm the spot size diameters 
will increase to 12mm for the VCSEL and 115mm (across the major axis) for the 
EEL. The lens in figure (3.3) needs to be positioned close to the cryostat window to 
maximise the collection efficiency for the EELs. The distance from the window to the 
centre of the sample space is 45mm, giving an EEL beam major axis of 51.8mm, 
which is larger than the cryostat window. This means that temperature dependent 
efficiency measurements for EELs are not practical using this set-up.
3.5 The optical spectrum analyser (OSA).
The OSA model used in all the spectrum analysis was the ANDO (AQ-6315A/B), 
which is based on a Zollner-Thumar type monochromator, the basic configuration of 
which is shown in figure (3.4).
Light Output Slit
Photo-detector Focusing Mirror
Rotating Grating
Collimating Mirror
Depolariser
Light Input Slit
Figure (3,4): configuration of monochromator element of the OSA.
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Fibre coupled light enters through the light input slit and passes through a depolariser, 
minimising any polarisation dependent effects in the monochromator. The collimating 
mirror then changes the divergent light into a parallel beam that is directed onto the 
diffraction grating. The grating light at a different angle depending on the
wavelength. The focusing mirror then directs the diffracted light through the output 
slit to a photo-sensor which converts the light into an electrical signal. The resolution 
is controlled by an adjustable output slit.
The wavelength range for the OSA extends from 350 to 1750nm and it employs four 
different filters, which are used at adjacent wavelength bands in order to eliminate 
higher order diffraction. The resolution limit for the monochromator is 0.05nm and 
the sensitivity is as low as 0.2pW/nm but in practice these limits depend on the 
required spectrum range and signal/noise ratio of the light input. The background can 
be improved by using the double monochromator facility, which merely means that 
the light is passed through the monochromator twice.
Coupling light from devices into a fibre for OSA analysis, whether it is from a facet 
measurement or from a emission from a cryostat, is again made easier by the VCSEL 
beam geometry. The coupling efficiency and subsequent signal intensity is usually 
much superior compared with that from EELs.
3.6 High pressure dependent experiments
The point at which pressure becomes “high pressure” is not particularly well defined. 
For the purposes of this thesis, it is considered to be pressure in the order of Ikbar 
(0.1 GPa), which is equivalent to the pressure experienced at the bottom of the deepest
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oceanic trench in the Pacific Ocean (35000 feet below sea-level ). So it would seem 
quite reasonable to call the experiments using a 15kbar (1.5GPa) system “high 
pressure experiments”.
A basic mechanism for producing high pressure is a hydraulic pump, which uses a 
mechanical advantage to press a piston against fluid in a cylinder. A flexible metal 
braided rubber hose can then transfer this liquid pressure to experimental apparatus. 
This type of system can easily produce lOObar (0.01 GPa), but would probably not 
reach the levels required to produce provide measureable effects for semiconductor 
devices. However higher pressures can be generated by using some form of 
intensifier. This simple idea (illustrated in figure (3.5)) works on the “stiletto heel 
principle” of concentrating a force onto a small area similar to that used on a car 
bra k I system.
Pi
P2=Pi(Ai/A2)
=PiAi
P2=P2A2
Figure (3.5): illustration of the intensifier principle.
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Fluid is driven at a pressure Pi entering the intensifier, which increases by a ratio of 
A1/A2 to provide a pressure of P2 at the outlet. This ratio can be made quite large and 
a series of intensifiers can produce a pressure in excess of lOOkbar (0.01 GPa). The 
limiting factor is then the tensile strength of the cylinder. Generally, high strength 
combined with relatively low hardness is the material requirement because cylinders 
are subject to tensile stress. Steel is the most widely used alloy, comprising of iron 
and carbon with smaller amounts of alloying elements such as nickel, manganese or 
tungsten. Obviously a thick walled cylinder is stronger than a thin walled one so the 
ratio of the outer and inner cylinder diameters (do/di) is an important parameter. It is 
found that there is a limiting ratio of ~4 where any further increase does not result in 
further strengthening [3].
For pressures beyond lOOkbar (lOGPa) a different concept is needed and that has 
been realised by the development of the double (diamond) anvil press which is 
capable of producing pressures up to 500kbar (50GPa) [4]. However this type of 
system has a very limited sample space compared with the system used in this thesis 
(described in detail below), which allows relatively easy mounting and sealing of 
electrical and optical feed-throughs.
3.7 The ISkbar (l.SGPa) high pressure system.
This system (shown in figure (3.6)) consists of two opposing pistons in a compound 
cylinder where all the components are hardened “tool steel”. The pre-stressed inner 
cylinder is force-fitted into the outer cylinder by heating the latter. This leads to the 
outside of the inner cylinder being under compression and the inside of the outer bore
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Figure (3,6): illustration of the ISkbar (l,5GPa) high pressure system.
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being under tensile stress on cooling to room temperature. The inside of the inner 
cylinder is therefore in compressive/tensile equilibrium when hydraulic pressure 
(-lOkbar (IGPa)) is supplied through the transmission fluid. The lower piston is 
permanently sealed and positioned with a base plate that is bolted to the cylinder. The 
upper moveable piston is positioned underneath a wide diameter hydraulic ram giving 
an intensification ratio of 25:1 and this is sufficient to provide a maximum of 15kbar 
(l.SGPa) pressure. Both pistons are sealed with a phosphor-bronze ring and a 
neoprene O-iing. The phosphor-bronze ring is ductile and is moulded between the 
cylinder sides and a wedged flange on the piston as pressure is increased. The 0-ring 
ensures a seal at low pressures (<4kbar (0.4GPa)) before the phosphor-bronze ring 
seal has taken effect.
In order to measure the pressure inside the cylinder, it is possible to take advantage of 
the pressure dependence of the resistance of manganin wire (copper, manganese, 
nickel and iron alloy), which is given by [5]
R(P) = Roexp(Px2.3xlO'^) (3.1)
where Ro is the resistance at atmospheric pressure and P is the pressure in kilobars. A 
coil of maganin wire on a reel is positioned on a frame above the fixed lower piston 
and the electrical contact is made through a pair of conical plugs with Vespel seals. 
The value of Ro depends on the length and area of wire (through R=p L/f\) , so it is 
best to use a thin and long a wire as is practical, in order to maximise dR/dP. The 
resistance was measured using a Keithley (177) digital multi-meter with an accuracy 
of 0.010. The resistance changes by -4 0  over ISkbar (l.SGPa), giving pressure 
readings with an accuracy of better than SObar (O.OOSGPa).
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3.8 The transmission medium.
Most liquids have a fairly narrow pressure range in which they remain liquid. 
However there are some exceptions, mostly hydrocarbons such as iso-pentane, which 
remain fluid up to SOkbar (3GPa). Other properties of the transmission fluid, which 
must be considered are the viscosity, optical transparency and corrosiveness. The 
liquid used in these experiments was Essence “F” which is a hydrocarbon fluid based 
on naptha, an oil distillate intermediate between gasoline and kerosene. It is inert to 
semiconductor materials and has a consistent optical transparency over the range 600- 
700nm (varying less than 0.5% -see figure (3.7)).
0.92
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Figure (3,7): transmission spectrum for Essence "F".
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The transmission spectrum was found by aligning a quartz cuvette containing the 
fluid with the output slit of a spectrometer and dividing the spectra with that of the 
system response (i.e. the spectra with the cuvette empty).
3.9 The effect of the transmission medium on reflectivity.
The reflectivity for photons passing from a semiconductor material (nO into air (n2) is 
typically 30% (section (2.2.3)). However the reflectivity is dependent on the 
refractive index of both media.
R = t\-U2
Wj + « 2
(3.20
For an EEL being immersed in a fluid where the refractive index n2 is increased 
would result in a decrease in the reflectivity. For instance, if n%=3.2 for the 
semiconductor and n2= 1 . 5  for the fluid the reflectivity would be reduced to 13%. This 
appreciable effect will then lead to an increase in the Inl/R term in equation (2.16) for 
the threshold gain and a subsequent increase in the threshold current.
For a VCSEL equation (3.2) is modified for m pairs of non-absorbing mirrors to
R = 2m (3.3)
where no and ng are the refractive indices of the transmission medium in contact with 
the top mirror and the substrate respectively. The effect of the refractive index 
contrast between transmission medium and the top mirror is not important for a 
typical number of total mirror pairs (e.g. >40 pairs) as the value (n2/ni)^™ is small. 
Figure (3.8) uses the values U2 = 3.183 for Alo.5Gao.5As, ni=3.477 for Al0 .95Ga0 .05As,
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ns=3.2 [6 ] and no=1.5 as measured. The fluid only starts to reduce the reflectivity, 
compared with air, at low mirror pair numbers. Therefore in a VCSEL with non­
absorbing mirrors the transmission fluid is not going to greatly affect the reflectivity.
99.99
99.9
g
%
In fluid 
In air
5010 20 30 400
Mirror pairs - (m)
Figure (3.8): calculated reflectivity for VCSEL (with non-absorbing 
mirrors) in fluid and air.
However the mirrors are not necessarily non-absorbing and the way the output 
coupling depends on the absorption coefficient has been shown in section (2.16). For 
lossy mirrors at the resonant wavelength Ào and large m, the reflectivity is given by
R = tanh^J—In
(«24 !n, + a , d f  ) ( r ( 1 - y ^ )
[7]
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where y =ri2/ni, di the layer thickness and oci is the absorption coefficient. Taking the 
same values for the refractive indices as previously and plotting reflectivity against 
increasing absorption, figure (3.9) shows that the mirror reflectivity is only 
appreciatively affected in Essence “F” at a low value of m (m=10). This is due to the 
fact that for VCSELs unlike EELs the outer mirrors are not “seen” for larger numbers 
of mirror pairs. The transmission fluid is therefore not likely, assuming reasonable 
mirror growth quality, to have a large direct effect on VCSEL characteristics where 
m>2 0 .
• 1—t
>
'c :
o
<D
<o
Pi
1.0
m=20 in EF 
m=20 in air 
m=10 in EF 
m=10 in air0.8 =  20
0.6
m =
0.4
1050
Absorption (xlO cm'b
Figure (3.9) calculated VCSEL reflectivity absorption dependence 
in air and fluid for 10 and 20 mirror pairs.
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3.10 The transmission fluid refractive index wavelength dependence.
The pressure dependence experiments will involve devices lasing at a range of 
wavelengths 650-680nm. As the refractive index is wavelength dependent it is 
necessary to quantify the change in refractive index of the transmission fluid over this 
range and its effect on Ith. Figure (3.10) shows the refractive index wavelength 
dependence for 3 different transmission fluids and distilled water (as a reference) 
measured on a Bellingham and Stanley prism refractometer (model Abbe 60/ED).
Over the wavelength of interest (600-700nm) the curve flattens out and the change in 
refractive index is less than 1% and its effect on Ith for both EEL and VCSEL are 
negligible.
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Figure (3.10): measured refractive index wavelength 
dependence at 26°C for various fluids.
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3.11 The effect of the pressure medium on the threshold current.
The last section has shown how the transmission medium may effect the reflectivity 
and hence the threshold current. Here the effect of pressure on the device and the 
medium and its effect on the threshold current is considered.
The effect of pressure in the order of lOkbar (IGPa) on the refractive index of 
semiconductor material has been shown to have only a small effect (~1%) [1]. This 
change will therefore be neglected here. For the pressure medium (Essence “F”), 
there is nothing in the literature concerning the pressure dependence of the refractive 
index. However, fluids such as iso-pentane, caster oil/amyl alcohol mix and other 
similar compounds have been investigated at fixed wavelengths [8,9] and follow a 
similar trend. It can be reasonably assumed that Essence “F” also follows this trend 
and that the pressure dependence does not change with wavelength. Sweeney [1] 
using a method outlined by Phillips [9] has shown that for EELs the pressure 
dependence of the refractive index in castor oil/amyl alcohol requires a correction to 
Ith of less than 5% at lOkbar (IGPa). From arguments in the last section the effect on 
Ith for VCSELs will be negligible.
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Chapter 4
Device structures and characteristics
4.1. Introduction.
/ y
In this chapter the structures used are described. Tho-^comprise * <v two edge emitting 
designs and three VCSEL designs. The description involves the essential structural 
features and highlights the important performance affecting differences between the 
designs. A more complete growth specification is given in Appendix (1). The LI and I-V 
device characteristics of the VCSELs are presented together with other performance 
parameters such as reflectance spectra and EL data, which includes evidence for the 
leakage current. These characteristics are used for further investigation in chapters 5 
and 6 .
4.2. The structures.
All the structures were grown by low-pressure metal-organic vapour phase epitaxy 
(MOVPE) on GaAs substrates orientated 10° off the (100) axis towards <111>A in a 
multi-wafer planetary reactor. Much of the growth was carried out by IQE at Cardiff. 
Three VCSEL designs were made available for investigation, which will be referred to 
using the BREDSEL Project design numbers (1,2 and 7). Two edge emitting structures 
(BREDSEL project numbers -  designs 2 and 6 ) relating to the active regions of the 
VCSELs were also provided with the view to understanding intrinsic active region 
characteristics without the modifying effect of the Bragg stacks.
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4.3. VCSEL, design 1 and design 2.
The basic VCSEL structure is shown in figure (4.1). For design 1 and design 2 the 
structures were similar except for three principal differences, (i) For both designs the 
distributed Bragg reflector (DBR) mirrors consisted of quarter wave layers with graded 
interfaces to minimise series resistance where the p-DBR had 34.5 pairs and the n-DBR, 
54.5 pairs. However, design 1 had slightly higher index contrast mirrors, employing 
AlAs/Alo.5Gao.5As compared with Alo.5Gao.5As/ Alo.95Gao.05As for design 2. (ii) Design 1 
was produced without oxide apertures whereas design 2  had apertures of average 
diameters measured at -7pm. This was done by making the p-DBR oxidisable by placing 
a low index AlAs layer adjacent to the cavity. At elevated temperatures in a steam 
environment, selective oxidation of the AlAs produced the current confinement layer 
shown in figure (4.1).
Top Contact
34.5 pair p-DBR 
Oxide Aperture
Cavity -  4 QWs
54.5 pair n-DBR
Substrate - GaAs 
Bottom Contact
Figure (4.1): schematic illustration of the basic VCSEL structure.
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(iii) As design 1 did not have an oxide aperture, the mesa post was etched to an average 
measured diameter of 22pm compared with a mesa diameter of 50pm for design 2.
The active regions were of the same design and are shown in figure (4.2). The one 
wavelength long cavity contained 4 compressively strained GalnP QWs (designed for 
emission at 660nm), positioned at the anti-node of the optical cavity with 
(Alo.3Gao.7)o.5lno.5P barriers contained within (Alo.7Gao.3)o.5lno.5P cladding layers. The 
intended lasing wavelength specification at room temperature was 665nm with the peak 
of the gain therefore on the high energy side of the cavity mode due to reasons described 
in section (2.3.8).
4.4. VCSEL, design 7.
VCSEL design 7 was similar to design 2 including an oxide aperture (diameter was 
measured to be 5 ±lpm  ) but differed in three principal ways, (i) The QWs were 
designed to lase at a shorter wavelength (~ 650nm) and so the cavity was slightly 
shorter, (ii) The aluminium fraction of the high index layers in the ALGai-xAs DBR 
mirrors was increased to 60% in order to offset the small increase in absorption 
coefficient at a lower wavelength, (iii) The outer barriers of the cavity were graded- 
indexed separate confinement heterostructure (GRINSCH) - shown in figure (4.2)) using 
(AlxGai.x)o.5lno.5P with x increasing from 0.3 to 0.7.
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(a)
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Figure (4.2) : schematic illustration of the active regions of (a) standard SCH 
for VCSEL design 1 and 2 (h) GRINSCH for VCSEL design 7
4.5. Edge emitting structures.
EEL design 2 was a simple 50pm stripe device employing the same active region as 
VCSEL design 2. The cladding layers were 512 Â of (Alo.7Gao.3)o.5lno.5P sandwiched 
between an outer 1pm layer of Alo.9Gao.1As to mimic the mirrors of the VCSEL 
structure. The EEL and VCSEL design 2 structures were grown sequentially and the
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growth quality and specification equivalence of the QWs were verified using modulated 
photo-reflectance spectroscopy techniques described in [1,2]. The EEL design 2 was 
designed to lase at 660nm at room temperature corresponding to the peak of the gain in 
the VCSEL design 2. EEL design 6  was designed to lase at 650nm, close to the QW
specifications of VCSEL design 7 and used the same GRINSCH structure with 1298 Â 
(Alo.7Gao.3)o.5lno.sP cladding layers (thicker compared to EEL design 2). However, the 
wafer was not grown sequentially to VCSEL design 7 and therefore may not be 
completely comparable. Nevertheless, it is still of considerable use in determining some 
of the fundamental material aspects of VCSELs lasing at 650nm.
4.6. LI and IV - VCSEL characteristics.
The devices which are arranged in a 2x8 array (shown in figure 1.10) have been 
measured using the probe station described in chapter 3 and the LIV characteristics 
(shown in figures 4.3a-c, for each VCSEL design). This is useful for identifying devices 
suitable for further investigation before wire bonding and further preparation.
The figures show the Lis from one row (1x8 array) of each design. The Lis show good 
uniformity between devices from the same chips but there is considerable difference 
between the different designs. It would be difficult to make a rigorous quantitative 
comparison between designs at this stage but there are nevertheless some general 
observations that can be made. However, before considering the performance differences 
between the devices it is necessary to consider the available growth quality data and 
whether these maybe an influencing factor.
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4.7. Growth and structural quality considerations.
Consideration of the IV characteristics in figure (4.4) can be used to evaluate the forward 
resistance of these devices above threshold and may also generally indicate their growth 
quality. The voltage is essentially made up of the voltage drop across the QW, which can 
be estimated as equivalent to the emission wavelength and the series resistance of other 
parts of the device. This means that design 7 having a higher band gap will also have a 
slightly higher voltage drop across the QW (i.e. 650nm =1.91eV and 660nm =1.88eV).
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Figure (4,4): the IV characteristics of designs 1, 2 and 7
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The series resistance of the devices calculated from the slope of the straight part of the IV 
curve at threshold are given in table (4,1). The table also lists other growth parameters 
from in-situ electrochemical profiling measurements done by EPI and electro- 
luminesence experiments at Surrey University.
Design 1 Design 2 Design 7 Method
Series R 2360 860 1780 From I Vs
Contact doping 2 x 1 0 '^ 2 x 1 0 *^ Polaron [3]
p-doping 3-4x10*" 3-4xl0‘“ Polaron [3]
Side electroluminescence 
(EL)-FWHM-TE
64meV 61meV 52meV [4]
Front E L - À 6 6 6 nm 667nm 661nm [4]
Table (4,1): device and growth data.
The mirror reflection properties can be qualitatively assessed from the reflectivity spectra 
which have been measured on wafer [2] and shown in figure (4.5). It should be noted 
however that the growth quality and in particular the mirror interface quality cannot be 
determined from this data. However, they do show that all three designs have reasonable 
symmetry with the cavity mode close to the centre of the stop band and within + 2 nm of 
the specified lasing wavelength. Table (4.1) gives the lasing wavelength of the fabricated 
devices. Most importantly the stop band shows near uniform reflectivity for all the 
designs. The width of the stop band is illustrative of the mirror refractive index contrast 
and shows therefore that this is largest for design 1 and smallest for design 7.
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Figure (4,5): reflectance spectrum for VCSEL design 1 (top), 
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Comparison of the series resistance for designs 1 and 2 shows the former to be much 
greater whereas the other material parameters are similar. This may be due a combination 
of the following reasons. Firstly, although not determinable, mirror interface roughness 
and/or defective p-contact quality causing carrier scattering would increase the series 
resistance of the mirrors. Secondly, there will be a current funnelling effect caused by the 
current aperture, which will mean that for similar current densities in the active region 
there will be a reduced current density in the mirrors and hence a relatively reduced 
resistance for design 2 and 7. A larger current density in the mirrors leads both to an 
increased ohmic resistance and a raised threshold gain due to a reduced reflectivity (as 
discussed in (2.3.3)). Design 7 also has a high series resistance compared with design 2. 
There may also be a contribution caused by mirror interface roughness but the smaller 
aperture diameter (5pm for design 7 compared to 7pm for design 2) is likely to increase 
the resistance through R=Lp/A where L is the width of the aperture, p is the resistivity 
and A is the aperture cross sectional area, given that the threshold current is similar for 
both devices.
4.8. Discussion of design difference
From the evidence presented in the last section and in particular the side EL-FWHM 
measurement growth quality of the active region is similar. The mirror layer thicknesses 
are close to specification while there are differences in the IV characteristics possibly due
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to either mirror growth quality or design differences or both. With consideration of these 
factors the LI characteristics of the different design can be qualitatively considered
Comparison of the threshold currents (figure (4.3d) presents this on a smaller scale for 
design 2 and 7) shows design 1 with Ith ~ 5mA, much greater than that for design 2 and 7 
both with Ith ~ 0.2mA. This is not unexpected due to the reasons outlined in section (1.2) 
concerning the benefits of the current aperture. The measured aperture diameter for 
design 2 was 7+ 0.5pm, so the ratio of active region areas between design 1 (equal to the 
mesa cross sectional area) and 2 is (22)^/(7)^~ 10. So in order to reach the required 
threshold current density of Jth~520Acm'^ for design 2 a current of approximately 10 
times greater for design 1 might be expected. The this factor is greater by -25
(giving Jth -1.3kAcm'^) is not clear but maybe due to reasons discussed in the previous 
section concerning the high series resistance for design 1. The QWs of design 7 are 
specified to lase at a shorter wavelength (~650nm) and increased leakage and optical 
losses are likely to raise the threshold current (discussed in (2.16)). However, this may be 
offset by the slightly smaller current aperture diameter measured to be on average 5+ 
1pm. At this stage it is not possible to make any meaningful assessment of the effect of 
the GRINSCH structure.
Comparison of the maximum power output between designs also shows a considerable 
difference, with design 1 Pmax~ 0.12mW , design 2 Pmax~ ImW and design 7 
Prnax~0.3mW. The reason for this difference is not immediately obvious but it can be 
explained by the balance of two competing factors. Firstly, power output can be increased
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for the same current density by simply increasing the active region cross sectional area 
which in this case means widening current aperture. Secondly however, the larger active 
region area also means a greater self-heating rate and a greater rate at which gain-cavity 
de-tuning occurs. Therefore, there is an optimum aperture diameter where there is a trade 
off between these two effects. It has been shown [5], and is discussed further in section 
(5.11), that the optimal aperture diameter, in terms of Pmax at rollover for this type of 
device is -12pm. The absence of an aperture (as in design 1) will not only mean a much 
larger than optimum active region, effectively determined by the mesa diameter but also a 
loss of the aperture’s optical confinement effect and an increased threshold gain. It is 
seen (in figure (4.3a)) that design 1 reaches rollover at a current of -  7mA only -2mA 
above threshold and a power output of only a tenth of that produced by design 2 . 
Conversely design 7, having a smaller aperture than design 2 does not have sufficient 
emission area to generate a large power output power (only a third of the design 2  output) 
before reaching rollover at a comparatively low current of 3mA.
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4. *1. Transverse mode hop and bi-stability.
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Figure(4,7): the forward and reverse LI characteristics of design 2 
showing an example of a transverse mode hop.
Figure (4.7) shows “forward” (increasing current) and “reverse” (decreasing current) Ids 
for a particular device of design 2. What can be seen quite distinctly here is a transverse 
“mode hop” where a different mode becomes dominant. The gain spectrum varies both 
with current density and temperature [1 1 ], so increased current leads both directly and 
indirectly through increased internal heating to a shift in the peak gain. The fact that the
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mode hop occurs at a lower current in the reverse LI is likely to be that  ^ over a 
small range of current density a condition of bi-stability (modal overlap) exists where 
either modes may be stable. In order for the mode hop to occur conditions have to change 
sufficiently for the new mode to predominate.
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Figure (4.8): the modelled [12] radial current density distribution 
at the aperture level for varying current.
The condition that changes with increasing current is the carrier spatial distribution. Li et 
al. [12] have shown (see figure (4.8)) that as the current increases in this type of device 
the current density distribution radially across the aperture increases most at the aperture
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edges. The aperture edge and higher current density means that there are diffraction and 
refraction effects that make higher axial (doughnut) modes spatially preferable. When the 
current density reaches a critical level beyond the new axial mode threshold and 
transitions at the new lasing energy are sufficient to predominate, a mode hop occurs.
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Chapter 5
Temperature dependence measurements
5.1 Introduction.
In order to investigate the effect of the leakage current and gain-cavity alignment on 
VCSEL performance parameters such as Ith, Imax and Pmax it is extremely helpful to make 
measurements over a wide range of temperatures. By making measurements on the 
equivalent EEL, the temperature dependence of Irad and Iieak have been quantified. These 
have then been compared with similar measurements on the VCSEL to assess the 
modifying effect of the fixed emission wavelength produced by the cavity. This has been 
done firstly for EEL and VCSEL design 2 and repeated for EEL design 6  and VCSEL 
design 7. Comparisons are made between the two sets of devices in order to determine 
device characteristics as a function of wavelength. In addition, methods outlined in 
section (2.3.6) have been used to quantify the self-heating properties of the VCSEL 
devices. Using a combination of these experiments and the gain model described in 
section (2.2.9) the extent of coupling between leakage, gain-cavity alignment and self­
heating is calculated. The experimental arrangements used for measurements presented in 
this chapter were described in chapter 3.
5.2 The temperature dependence of Jth for EEL design 2.
The LI characteristics for a range of temperatures using a pulsed current (500ns pulse 
width at lOkHz) are shown in figure (5.1a). The threshold currents increase with 
increasing temperature as expected. As Ith increases the slope efficiency decreases. It is
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not possible to make a quantitative assessment because of collection efficiency variations 
described in section (3.4).
Figure (5.1b) shows the variation of the threshold current density with temperature. Up to 
approximately 230K there is close to ideal radiative behaviour (Irad°=T, equation (2.12)), 
where the radiative current is associated with the bimolecular recombination of electron- 
hole pairs. Above 230K there is a rapid increase in the threshold current density (Jth) due 
to the onset of a leakage current of thermally activated electrons increasingly populating 
the X-minima. By extrapolating from the low temperature data, the radiative current 
density (Jrad) has been compared with the total Jth which includes both radiative and 
leakage currents. The ratio of Jrad/Jth at room temperature is estimated to be 80% with the 
remaining -20% of the threshold current due to leakage. The leakage current density 
(Jieak) curve is calculated by using Jth = Jmd + Jieak (from equation (2 .1 0 )) to give
Jleak — Jth “ Jrad (5.1)
and using a least squares fit to Jieak = expi5a/kbT) (from equation (2.13)) a value of Ea = 
267 (+20) meV has been estimated. This agrees well with a value of 252meV for the 
energy difference between the electron pseudo-Fermi level and the highest potential 
barrier in the structure calculated from a drift diffusion model [1 ].
5.3 The temperature variation of the characteristic temperature, To.
The onset of leakage can also be seen by considering the temperature dependence of To. 
Experimentally, Tq is calculated using a 5-point centred moving difference technique to
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Figure (5.2) To temperature dependence for EEL.
smooth out effects of noise on the data. The leakage effect can be clearly seen in figure
(5.2) as To falls from the ideal radiative Tq = T line at 200K and rapidly reduces to 
around 70K at room temperature. As this is a more sensitive way of viewing the Ith 
temperature dependence, leakage effects are observable as low as 200K, where Iieak is still 
very small. The quantity Tq (leak), which is the characteristic temperature of the Iieak, 
shown in the figure has been calculated from differentiating Jieak = exp^Ea/kbT) and 
substituting into equation (2.14) defining Tq, giving
T
% T
(5.2)
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and using the value Ea=267meV calculated earlier. The fitted To is then given by the 
weighted sum of To (rad) and To (leak)
1 _ ^ V' \
(5.3)
r n  ^ \ - K  1+
k j T„(rad) Toileak) ^
where K is the ratio Iieak/Ith- As this ratio increases To approaches the To (leak) curve. This 
model gives a very good fit to To over the entire temperature range assuming that only the 
effects of electron leakage and radiative recombination are important.
5.4 The temperature dependence of Ith for the VCSEL design 2.
The c.w. LI characteristics for the VCSEL (design 2) with varying temperature are shown 
in figure (5.3a). The clear trend is a decrease in maximum power output (Pmax) and the 
corresponding current (Imax) with increasing temperature and the device finally ceased 
lasing at 350K. However, Ith follows a different trend as shown on an expanded scale in 
figure (5.3b). It initially decreases with increasing temperature with the lowest threshold 
occurring at 200K. Further temperature reduction results in Ith increasing again and by 
close inspection it can be seen that Ith is approximately the same at lOOK and 31 OK.
Figures (5.4a,b) shows the variation of Ith, Imax and Pmax with temperature (77-350K) in 
further detail. At low temperature there is a steep increase in Ith for the VCSEL and this 
can only be attributed to gain-cavity de-tuning as there is minimal leakage below 200K 
(from EEL experiment section (5.2)). The apparent abruptness of the increase is due to 
the narrowing and steepening low energy of the gain spectrum at low temperature, which 
accentuates the de-tuning effect. Ith reaches a minimum around 200-220K, but this does 
not necessarily indicate ideal gain-cavity alignment for two reasons. Firstly, as it has been
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shown that leakage initiates at ~200K this may raise Ith at higher temperatures even 
though gain-cavity alignment is still improving. Secondly, even without leakage, Rapp et 
al. [2 ] found that within a certain temperature range, the increase in gain, for a given 
current, at a lower temperature (at the lasing energy) can be sufficient to offset the de­
tuning effect. At higher temperatures, Ith increases due to the combined effects of 
leakage and gain-cavity de-tuning. However, as it will be shown^ high temperature 
detuning is less severe than low temperature de-tuning due to the shape of the gain 
spectrum. At low temperature both Imax and Pmax reach maximum levels of 20mA and 
4mW respectively, despite gain-cavity de-tuning. This can be explained by the 
considerable heating effect at this high level of current, which improves gain-cavity 
alignment (see section (2.3.8)) and combining this with the reduced series resistance at 
low temperature the device is able to continue lasing at a high power output. As the 
heatsink temperature is increased above 200K, where leakage initiates, Ith and Imax start to 
converge resulting in a steep decrease in Pmax- At 350K Ith and Imax meet and the device 
stops lasing.
5.5 Temperature dependence of Eiase for EEL and VCSEL design 2.
Figure (5.5) shows the temperature dependence of Eiase for both the EEL and VCSEL. For 
the EEL, Eiase is close to the peak gain energy and shifts with temperature at a rate of 
dEiase/dT=-0.43meVK'^ in the high temperature region. The temperature dependence of 
the peak gain has approximately the same temperature variation as the band gap which is 
often expressed by the Varshni relationship [3]
= (5.4)
5
\
and is shown in figure (5.5), where the Varshni coefficients have been given the values 
a=0.52, (3=190 and Eg(0)=1.933 estimated from polarised piezoreflectance measurements 
on ordered GalnP over a wide temperature range (25-500K) [4]. This fit results in a value 
of dEgap/dT=-0.44meVK'^ at 300K in good agreement with the measured value here. For 
the VCSEL, dEiase/dT = -O.llmeVK'^ reflecting the much lower variation of the cavity 
mode energy with temperature (approximately a quarter of the EEL value) and close to 
dEiase/dT—O.lOmeVK'^ for a similar structure measured using photoreflectance [5].
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Figure (5.5): temperature dependence ofEjasefor VCSEL and EEL.
The crossover temperature where the gain and the cavity mode are aligned occurs at 
250K. So, the minimum Ith temperature (-200K) does not coincide exactly with the
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crossover temperature. Two possible reasons for this were described in section (5.4), both 
of which are likely to be contributing in this case (allowing for a small adjustment at this 
Ith for self-heating). Ideally, crossover should occur closer to the internal operational 
temperature of the VCSEL which will be ~10-30°C above the ambient temperature. 
Therefore the gain-cavity alignment of these devices for room temperature operation 
could be considerably improved.
5.6 The temperature dependence of Ith for EEL design 6.
EEL design 6  was designed to lase at the shorter wavelength of ~650nm (19Q 6 eV) by 
incorporating slightly less compressive strain than design 2 in the quantum well (GalnP 
has a band gap of 1.9 leV for a ~6 nm QW lattice matched to GaAs). At this shorter 
wavelength the energy potential of the electron Fermi-level in the quantum well will be 
higher and it is therefore expected that Ith will be more temperature sensitive due to 
increased Iieak- The temperature dependence of Ith for EEL design 6  is shown in figure 
(5.6a) and is also compared with design 2 in figure (5.6b).
There is an increased temperature sensitivity in Ith compared with design 2 as the onset of 
leakage is evident at -150K. A similar treatment used earlier for design 2 has been used 
again to separate Irad and Iieak and then calculate an activation energy value. The fitted 
curve using equations (2.10) and (2.13) gives an activation energy of Ea= 133meV, which 
is considerably less than Ea= 267meV for design 2 confirming the decrease in the energy 
required for carriers to leak out of the QW via the X-minima.
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Taking the data for Iieak from figure (5.6a) it is possible to estimate a value for Iieak at 
room temperature. Figure (5.7) shows that for design 6  Iieak is -50% of Ith at 300K, which 
is 2.5 times greater (as a proportion) than for design 2 where the lasing wavelengths are 
only separated by ~17nm (~48meV). This highlights the fundamental problem of lasing 
at 650nm in that the leakage current rises extremely quickly with reducing wavelength in 
this material system. Due to the low light output it was not possible to follow the Eiase as 
a function of temperature. However, Eiase was measured to be 655nm at room 
temperature.
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5.7 The temperature dependence of Eiase and Ith for VCSEL design 7.
The measured temperature dependence of Eiase for VCSEL design 7 is shown in figure 
(5.8) and gives a rate of dEjase/dT = -0.12meVK‘^  which is almost the same as that for 
design 2. In order to estimate a temperature at which there is ideal gain-cavity alignment 
a value of dEiase/dT = -0.43meVK‘^  has been assumed from the rate for EEL design 2 and 
projected from the measured Eiase (300K) = 1892meV, which is close to the 
electroluminescence peak measured on wafer design 7 [6 ]. Also included in figure (5.8) 
is the Varshni relation using the same values as those used in section (5.5). From this it 
may be deduced that the QW in the VCSEL design 7 has a peak gain on the high energy
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Figure (5,8): the measured Eiase temperature dependence for 
VCSEL design 7 and calculated for EEL design 6,
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side of the cavity mode at room temperature (in contrast to design 2 ) and that “crossover” 
will occur at ~350K. Self-heating or raising the ambient temperature from room 
temperature should therefore improve gain-cavity alignment. However, from the 
temperature dependence of EEL design 6 , there is a very strong increase in hh due to 
leakage which dominates, resulting in a rapid increase in the hh for VCSEL design 7 from 
290K (shown in figure (5.9)). Figure 5.9 shows the temperature dependence of Ith for the 
device operated both pulsed and cw.
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Figure (5,9) : the Ith temperature dependence of design 7 
operated pulsed and cw.
At low temperature Ith is slightly lower for cw operation as the self-heating improves 
gain-cavity alignment and the leakage current is small. However, from the temperature
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dependence of EEL design 6 , Iieak increases to 50% of the threshold current at room 
temperature. Although the heating effect may improve gain-cavity alignment, the rapidly 
rising leakage coupled to the VCSEL self-heating starts to dominate the cw temperature 
dependence. After crossing, at around room temperature, the cw curve then increases 
more severely than the pulsed curve and lasing ceases at 325K.
5.8 Comparison of Ith for VCSEL designs.
In order to compare the effects of leakage and gain-cavity alignment it is helpful to 
consider figure (5.10), which shows the temperature dependence of Jth for both VCSELs
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and EELs. 1* has been estimated from the Ith temperature dependence for each device 
divided by the cross sectional area, defined here as (i) the measured ridge width 
multiplied by the length for the EELs (see section (4.5)) and (ii) the measured area of the 
current aperture for the VCSELs area (see sections (4.3 and 4.4)). At low temperatures Jth 
is much higher for the VCSELs as they are both detuned. As the temperature is increased 
and the gain-cavity alignment improves the VCSEL Jth decreases and crosses below the 
corresponding EEL Jth . This may be explained by the estimated threshold gain for the 
VCSEL being - 1020cm'^ for design 2 as opposed to ~1250cm'^ for the EEL design 2. As 
the temperature is increased above room temperature, leakage starts to dominate any 
gain-cavity alignment effects and the VCSEL Jth assumes a similar trend to the EELs. In 
the case of VCSEL design 7, eventually the self-heating caused by the higher leakage 
current to the VCSEL takes Jth above that of the EEL even though this is close to its ideal 
gain-cavity alignment temperature. This is because the higher leakage current probably 
also couples with optical losses in the mirrors (discussed in section (1.4)).
5.9 VCSEL self-heating.
Three methods of assessing self-heating effects in VCSELs were outlined in section 
(2.19). The experiments in this section have been carried out on VCSEL design 7 and 
concentrate on device heating effects at room temperature and above.
(i) Self-heating temperature dependence experiment
Self-heating has been avoided by running the device with short pulses (200ns) at a 
frequency of lOkHz giving a duty cycle of 0.2%. The threshold currents for the VCSEL
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Figure (5,11): (a) self-heating effect on the temperature dependence Ith 
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inset) for VCSEL (design 7)
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operated c.w. and pulsed were measured consecutively at each temperature, over the 
temperature range 200-350K and are shown in figure (5.9). Figure (5.11a) concentrates 
on the same data in the range 280-350K. As expected, Ith increases more rapidly when the 
device is driven c.w. compared with pulsed operation. By comparing Ith in both cases the 
additional losses due to self-heating have been estimated. At room temperature 293K 
(20°C) the estimated extra leakage current is 5% of the total threshold current rising 
strongly to 30% at 320K (47°C). The experiment can also be used to estimate the actual 
temperature of the active region for a given threshold current. As the active region is 
presumed to be at ambient temperature under pulsed operation, the horizontal separation 
of the curves giving the quantity AT (as shown on the figure) represents the internal 
temperature rise under c.w. operation. Figure (5.11b) shows AT plotted for varying kh and 
that AT increases at a rate of ~14.5K/mA. The linearity, while perhaps not at first 
expected (heating in a pure resistor follows a I^R relationship), can be explained by 
inspection of the I-V curves shown in the inset of figure (5.11b) (the different curves over 
the range 280-325K are superimposed and almost identical). From these, it is found there 
is negligible variation in voltage over this temperature range, being dominated by the 
diode forward voltage rather than the slope resistance, and only a small change ( 1 0 %) 
occurs over the current range (0.5 -  1.5mA) . Thus with increasing temperature the 
electrical input power (I.V) is proportional to Ith and so AT would be expected to rise 
linearly with kh, as is indeed measured. (figure(5.11b)).
5 - 1 8
(ii) Self-heating estimation using the lasing energy
The rate of change of lasing energy with temperature dEiase/dT = -l.lmeVK'^ measured in 
section (5.5) can be used in the denominator of equation (2.28). A value for dEiase/dl can 
be taken from figure (5.12), which shows the rate at which Eiase changes with current at 
room temperature (20°C). It might be expected for the heating rate to change when the 
device starts to lase (at -0.5 mA), as some of the input power will now be dissipated 
through lasing emission. However, there is no evidence for this, as even though these 
devices have the highest reported output power for VCSELs at this wavelength [7], they 
only have a quantum slope efficiency of -13% at this temperature. Furthermore this 
efficiency decreases with increasing temperature.
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dE. 7dl =**1.6meVmA1.872
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Figure (5,12): the variation of Eiase with current for VCSEL (design 7) 
at 20 °C (heatsink-temperature ), The various symbols 
represent different transverse modes.
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Taking ~ ^ ^ ^ ^  = 1.6meV-mA ' from the experiment a n d - ^ ^ ^  = 0.11meV'-£^
^ 3 /  3 r
3x*—  = 14.5^ • mA~^. This value fits the data from the previous experiment extremely well 
3/
as shown in figure (5.14) in the next section.
(in) Thermal model
The model has already been described in section (2.3*1) The distribution of voltages is 
not precisely known but have been estimated from the total voltage at a given current 
found from the measured I-V characteristics shown in the inset of figure (5.11b). The 
voltage across the active region is estimated from the Eiase(I) relation. The residual 
voltage (in excess of h v l e ) \ s  spread evenly across the rest of the structure as described 
earlier. The thermal conductivities have been assumed to be homogenous, isotropic and 
constant over the temperature range considered here. They are taken from values for the 
thermal resistivities, 19cm.K.W* for GalnP [8 ] and 10cm.K.W^ for the Bragg Stacks, 
using the resistivity of the alloy Alo.5Gao.5As from a.c. calormetric measurements [9]. 
This maybe a relatively high estimate, as Yao [10] shows that the thermal resistivity for 
AlAs/GaAs superlattices is lower than that of the equivalent AlGaAs alloy for /periods 
of >10nm (the period for these devices is -lOOnm), because the layers are thicker than 
the phonon mean free path length. Figure (5.13) shows a thermal contour generated by 
the model for a 7[im diameter device at room temperature ambient for 1 mA.
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By repeating this for a range of threshold currents, the variation of the active region 
temperature with threshold current has been calculated. The temperature varies across the
active region so it is necessary to take a spatially averaged value f  = 7]..
Edge of current aperture
tive region(U
a
Oxide layer
c y l i n d r i c a l  p o l a r  c o o r d i n a t e s
Heat flow
GaAs Substrate - Heat Sink
Figure (5,13): modelled thermal contour (^C)for VCSEL with 
VjLUn diameter at 1mA.
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Figure (5.14) shows the same data as figure (5.11b) but also includes the modelled and 
Eiase method current heating rates. The thermal model of the active region heating gives 
an extremely good fit to the measured data. The inset in figure (5.14) shows the same 
calculation using the model over a larger current range (l-5mA). In this range the voltage 
increases from ~ 2 .2 -  3V and it is now possible to discern a super linear increase in the 
active region temperature.
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Figure (5,14): three methods of self-heating determination showing linear AT 
Ith dependence. At higher calculated Itn there is a superlinear 
(parabolic) relationship (inset).
5 - 2 2
5.10. The effect of changing resistivity.
It was mentioned earlier that the temperature of the active region was not particularly 
sensitive to the way the voltage drops are distributed in the Bragg stacks. This is for three 
primary reasons: (i) GalnP has a larger thermal resistivity than the mirrors, (ii) the total 
voltage drop, at threshold, across the mirrors is only about 15% of that across the active 
region and (iii) the active region is only about 2.5% of the volume of the Bragg stacks. 
Moreover, by not including current spreading in the model, the heating effect of the 
Bragg stacks overestimates that in a real device. In order to illustrate these effects, figure 
(5.15) shows the effect on the active region temperature of independently changing the 
resistivity of the GalnP active region or the AlGaAs mirrors.
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tlftangi)Figure (5,15): the effec çhanging the thermal resistivity in GalnP and the 
Bragg stacks (AlGaAs) on the active region temperature rise.
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The nominal resistivities are those given in the last section. The calculation was 
performed for a l\\m  aperture device at a current of 1mA and voltage of 2.2V. The active 
region temperature is a factor of 40 times more sensitive to the GalnP resistivity than the 
AlGaAs resistivity. So at these current and voltage levels, in terms of material 
consideration, there is most to be gained from maximising the growth quality and the 
thermal conductivity of the active region.
5.11 Effect of the current aperture diameter on the heating effect.
The historical development and effect of the current aperture has been discussed earlier in 
section (1.2). Here the model has been used to show the effect on the oxide aperture 
diameter on thermal properties. It is assumed that the threshold current density remains a 
constant in this calculation at 1.2kAcm^. Figure (5.16) shows a close to linear relationship 
between aperture diameter and active region temperature. This is what might be expected 
as the current increases in proportion to the increased area (°cr^) of the active region but 
thermal resistance decreases proportional to 1/r shown in equation (2.29).
It has been shown [11] that there is a practical lower limit to the aperture diameter of 
-4pm, below which the oxidation process becomes difficult to control precisely and 
diffraction at the aperture edge starts to adversely effect the optical loss. Nevertheless, 
reducing the aperture clearly improves the thermal heat-sinking of the device at 
threshold. However, in considering the aperture dimensions for a real device, the output 
power requirement must be considered. In general, the output power is proportional to the 
current above threshold through the active area and so Pocd  ^but as the aperture diameter
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is increased, self-heating effects start to offset this. The threshold current is also 
proportional to the active area (Ith°cd )^ whereas the current at rollover is proportional to 
the aperture diameter (Imax-°^ d). As Ith rises faster than Imax with increasing aperture 
diameter, Pmax is therefore limited. It has been shown for these devices [7] that the 
maximum output power at room temperature is obtained for 1 2 pm apertures.
Practical aperture diameter  limited ~ 4pm
20 -
Cu
0 5 10 15
Aperture diameter - (pm)
Figure (5,16): threshold active region temperature dependence on 
aperture diameter at fixed Jth-
5.12 Modelled temperature dependent Ith for VCSEL design 2
In order to uncouple the effects of gain-cavity alignment and leakage, a method 
combining experimental results and the gain model described in section (2.2.9) has been 
developed. Two key factors concerning the modelled gain spectrum are firstly, the lasing
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energy of the peak of the gain and secondly, the broadening factor. The temperature 
dependence of the peak gain in the model can be compared to the lasing energy of the 
edge emitter in section (5.5). In practice the well width and material composition are 
varied in order that there is a good fit over the wide temperature range measured. The 
broadening factor has been estimated by fitting the VCSEL threshold current dependence 
at low temperature (below 200K), as this is purely radiative current. By calculating the 
gain spectra for different carrier densities and using the measured Eiase for the VCSEL in 
(5.5) the required threshold current at this energy can be calculated. In essence, the shift 
in the gain-cavity detuning at low temperature is used to profile the low energy side of 
the gain spectrum in order to arrive at the appropriate broadening linewidth. A key 
assumption here is that the broadening factor is constant over this temperature range 
which it will be if inhomogeneous broadening is dominant. It has already been argued in 
section (2.2.9) that this is indeed the case. The modelled VCSEL threshold current 
temperature dependence, including gain-cavity alignment, can then be adjusted for 
current heating by using the current heating factor dT/dI=I4.5KmA‘  ^ obtained earlier. 
The difference in the measured and modelled threshold currents at room temperature will 
be mainly due to leakage coupled to self-heating (the leakage effect on the mirror 
reflectivity will also be included).
The spectra (at lOOK and 300K) are shown separately in figure (5.17) for varying carrier 
concentrations ( n=l-^8xl0^^cm‘^ ). Both spectra are also shown together in figure (5.18) 
with just the maximum carrier concentration (where n=8 x l 0 ^^cm'^) for comparison.
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Figure (5,17): modelled gain spectra at lOOK (a), and 300K (b) with 
current density of 1—^ xlO^  ^cm'^  in 1x10^  ^steps
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Figure (5.18): comparison of calculated gain spectra at lOOK and 300K with a 
carrier concentration of n=8xl0^  ^cm'^  and the cavity-mode lasing 
energy (EcavUy) ot the respective temperatures.
The essential differences between the lOOK and 300K spectra are:
* the gain peak moves to lower energy at the higher temperature (band-gap shrinkage).
* the gain spectrum is broader and flatter at 300K, when compared in figure (5.17) at the 
threshold gain of at approximately lOOOcm*^  (due to broader Fermi functions).
* the gain peak is at a higher gain level for similar carrier concentration at lOOK.
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* the gain spectra at higher carrier concentrations are steeper on the low energy than the 
high energy side and especially steep at lOOK.
Gain spectra have been generated over the temperature range 100-370Kjand the carrier 
concentration at the cavity mode Eiaseat the gain threshold is converted into a radiative 
threshold current density by integrating the spontaneous emission. The threshold gain is 
calculated from equation (2.16) using oti/r=16cm'^ for the material absorption term [1 2 ] 
and ccm/r=1008cm’^  for the mirror loss term. Figure (5.19) shows the best fit for the 
modelled c.w. Ith temperature dependence to the measured data at low temperature 
(<200K).
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Figure (5.19): temperature dependence of the measured (including leakage) and the 
modelled (including self-heating hut not leakage) Ith in VCSEL design 2.
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The interesting feature here is that at room temperature and above, the radiative current 
rises only gradually in the model and is close to an Ith°=T relation. This is what would be 
expected for an edge emitting laser which lases at the peak of the gain spectrum without 
the constraints of the cavity mode [13]. It therefore suggests only a weak effect of gain- 
cavity alignment on Ith at room temperature and above, in agreement with the conclusions 
made in section (5.8) that leakage dominates the Jth relation above 200K rather than gain- 
cavity detuning. A reason for the decreased gain-cavity alignment effect on Ith at higher 
temperature can be seen by closer inspection of the gain spectrum figure (5.18). At 300K, 
close to threshold gain (~1024cm’^ ) there is a flat region over a range of ~50meV, partly 
due to the increasing effect of the second heavy hole transition, which extends the range 
at which the VCSEL is tuned. This contrasts with the gain spectra (at a similar threshold 
gain) at lOOK, where there is a sharper peak leading to more severe detuning.
In order to include leakage in this model, equation (2.21) Iieak = lo exp(-EaZkbT) is used 
taking the value of Ea=267meV and Iq from (5.2). Iieak is then added to the radiative 
current shown in figure (5.19) and the total current is then adjusted for self-heating using 
the heating rate dT/dI=14.5KmA‘  ^ from section (5.9). Figure (5.20) shows a good fit of 
the calculated data to the measured data suggesting that modelled radiative threshold 
current is accurate.
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Figure (5.20) : the temperature dependence of Ith for VCSEL design 2 where the 
measured data are represented by circles. The calculated Ith, yvith 
no leakage are the open triangles, including leakage are the closed 
triangles and including leakage and self-heating are the squares.
5.13 Effect of “crossover” temperature on Ith.
In the preceding section, the gain-cavity alignment temperature was estimated as -250K, 
for VCSEL design 2, based on the experimental data in section (5.5). In this section, the 
model has been used to observe the effect of changing the cavity mode energy to a range 
of different crossover temperatures. In practice, the cavity mode energy is much more 
sensitive to growth errors in the cavity length and mirrors than the peak gain energy is to
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the errors in quantum well width and composition (see (section (2.3.5)). So it is 
interesting to see the effect of different gain cavity alignments on the temperature 
dependence of Ith, particularly at room temperature and above. Figure (5.21) shows that 
for temperatures above the crossover temperature (T%) the Ith (leakage not included) 
above room temperature are quite insensitive to the value of T%. This further supports the 
evidence of a weak gain-cavity alignment effect on Ith above room temperature caused by 
a broad gain spectrum that broadens further with rising temperature. It should also be 
noted that the minimum Ith for each curve (not necessarily at crossover) lies very close to 
the ideal Irad T line.
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Figure (5,21) : modelled Ith temperature for different relative gain-cavity 
alignment (not including self-heating or leakage).
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5.14 The effect of changing the threshold gain.
In section (5.12) the effect of the second heavy hole transition was mentioned as one 
reason for causing a broadened gain spectrum. Indeed, the use of higher quantised sub­
bands [14] or the use of non-uniform quantum wells [15] are methods which have 
deliberately been used in order to broaden the gain spectrum in an attempt to increase 
VCSEL operating ranges. However, this also carries with it the disadvantage of 
necessarily increasing the threshold gain.
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Figure (5,22) : the modelled Ithtemperature dependence for 
VCSEL design 2 for different threshold gain
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In the previous calculations using the gain model a value for the VCSEL threshold gain 
of gth =1024cm'^ was used. The effect of increasing the threshold gain can be seen in 
figure (5.22), where values of gth = 1000, 1500 and 2000 cm'^ respectively have been 
used to model the Ith temperature dependence of VCSEL design 2. For gth = 1000 and 
1500 cm'^ the dependence is similar to that already seen and what might be expected. 
However, for gth = 2000 cm'^ , the dependence shows a general slow decrease in Ith with 
temperature well beyond ideal gain-cavity alignment temperature (250K). Although this 
is not particularly useful for this material because of the temperature sensitive leakage, it 
nevertheless illustrates the general effect of higher sub-band transition on the gain 
spectrum and its consequences on the Ith temperature dependence.
5.15 Summary.
The temperature dependent experiments in this chapter have shown the extent to which 
leakage and gain-cavity alignment coupled to self-heating affect Lh for GalnP VCSELs in 
the wavelength range 650-670nm. Measurements on EELs give values for Iieak as a 
proportion of the total Ith of -20% for 670nm emitting devices increasing to -50% for 
650nm devices at room temperature. The modifying effect of the mirrors has then been 
deduced by comparing Jth and Eiase (in order to estimate the gain-cavity crossover) for 
both the VCSELs and their equivalent EELs. The degree of current induced self-heating 
for the VCSEL has been estimated using three different methods to be -14.5Km A'\ 
Using this and a gain spectrum model it has been shown that from -200K and above 
leakage coupled to self-heating dominates the Ith of these devices. The effect of gain- 
cavity detuning can be seen at low temperature due to the narrow low energy edge of the
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gain spectra but at room temperature and above broadening of an already relatively broad 
gain spectrum detuning only gives rise to a small increase in Ith. This is particularly well 
illustrated by temperature dependence of Ith for VCSEL design^ which has a very sharp 
increase in Ith above room temperature even though the gain-cavity alignment is better 
than design 2 .
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Chapter 6
Pressure dependent experiments
6.1 Introduction.
In the previous chapter the temperature dependence of key device parameters such as the 
threshold current, the leakage current, and the lasing wavelength for equivalent EELs 
have been considered . Using these data and comparing with similar measurements made 
on VCSELs, the modifying effect of the Bragg Stacks has been observed and the relative 
gain-cavity alignment for VCSELs designs 2 and 7 has been estimated. The effect of 
pressure on both types of device has been considered theoretically in Chapter 2. In this 
chapter, pressure measurements have been used to confirm estimates of Iieak made in the 
last chapter for the EELs and gain cavity alignment estimates for the VCSELs. The real 
advantage of pressure, however, is that the band gap can be continuously varied in order 
to monitor band gap dependent processes using a single device. So far, results from EELs 
and VCSELs operating at just two different lasing energies at room temperature have 
been considered. The application of pressure to EEL devices allows the leakage current to 
be monitored for a range of wavelengths (of at least 50nm) covering the crossover of the 
cavity mode wavelength with the QW wavelength. As design 2 and 7 VCSELs are 
tuned/detuned on different sides of the gain peak, the effect of different gain-cavity 
alignments can also be considered. The experimental arrangements and considerations for 
this chapter are discussed in chapter 3.
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6.2 Pressure dependence of Im and Eiase for EEL design 2,
The pressure dependence of Ith and Eiase for the EEL is shown in figure (6.1). As 
discussed in section (2 .2 .1 2 ), application of pressure leads to an increase in 1th due to the 
increased band gap (Irad Eg )^ and the increased (lieak e '^^ ) due to the direct (Fc -  in 
QW) and indirect bands (Xc- in cladding) being pushed closer together (equation (2.21)).
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Figure (6,1): the pressure dependence of (a) 1th ^nd (b) Eiase 
for EEL design 2
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As pressure is increased, carriers increasingly populate the indirect X bands leading to a 
higher carrier density threshold. This is reflected in figure (6.1a) which shows the 
threshold current increasing exponentially with pressure according to Ith = Irad + Iieak 
where the change in Irad is insignificant compared with the exponential increase in Iieak- 
Figure (6.1b) shows the measured Eiase pressure dependence from the same experiment. 
Eiase, which is approximately equivalent to the pressure coefficient of the direct band gap 
of Al(GalnP), increases linearly with pressure at a rate of dEiase/dP=72meVGPa'\
&
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Figure (6,2) : the measured pressure dependence of for EEL design 2 
and a set of theoretical curves representing the Lh pressure 
dependence for different Kq values at P=0,
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In order to quantify Iieak a set of theoretical curves, all normalised at RTF, have been 
generated using Ith (P) = Irad (P) + Iieak (P) (from equation 2.10) and taking increasing 
percentage values for Iieak- This has been done by assuming a value for dEa/dP from
dP
dE^ dE \X (6.1)
dEp/dP has been taken as dEiase/dP=72meVGPa'^ (figure (6.1b)), which is in good 
agreement with [1] and a value of dEx/dP=-21meVGPa'^ has been taken from [1]. This 
results in a net figure of dEa/dP=-93meVGPa’  ^ which is the rate at which the (Fc) and 
(Xc) bands close with pressure. The different curves therefore represent the Iieak pressure 
dependence for different values of Ko=Iieak/Ith at P=0 (introduced in section (5.3)) with 
this value of dEa/dP. The experimental data fall close to the Iieak= 20% curve, which is in 
excellent agreement with the figure calculated from the temperature dependence 
experiments (section (5.2)).
Previous experimental and theoretical reports on this material system [1] suggest that in 
order to achieve a given lasing wavelength that the application of pressure results in a 
similar value for Ea, as alternatively changing the composition of the GalnP/AlGalnP. In 
other words, a value of Iieak determined from the pressure experiment at a particular 
wavelength should be similar to that of a device with a composition specifically designed 
to lase at that wavelength. If this is true, the Ith(P) relation can be used to predict Iieak for 
different wavelengths. This is done by using Iieak= IoOxp(-P/kT. [dEa/dP]) (equation (2.21)) 
taking the value of dEa/dP = -93meVGPa*^ found earlier and the Ith data shown in figure 
(6.1a). Eiase from figure (6.1b) relates to each of these U  and Iieak in terms of K (expressed 
as a percentage) and is plotted as a function of band-gap energy in figure (6.3).
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Figure (6.3): the dependence of Iieak (as a percentage of 1th) on Eiase y derived 
from the pressure experiment data from EEL design 2
It can be seen that the contribution of carrier leakage to Ith at room temperature rises from 
20% for Eiase= 1846meV (À= 672nm) to ~ 70% for Eiase=1890meV (A,= 655nm). This 
prediction will be compared with beak for EEL design 6  calculated from the measured Ith 
in section (6.4).
6.3 Pressure dependence of Ith for the VCSEL for design 2.
In the last section, the extent of Iieak pressure dependence for the equivalent EEL to 
VCSEL design 2 was measured. In considering the VCSEL, the effect of pressure on 
gain-cavity alignment must also be taken into account. The Eiase temperature dependence
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of the EEL and VCSEL in section (5.5) showed that the peak of the gain is on the low 
energy side of the cavity mode at room temperature. From (section (2.3.11)), it is 
expected that application of pressure will initially align the peak of the gain and cavity 
mode thus tending to reduce Ith for the VCSEL. If the Eiase pressure dependence is first 
considered and compared with E^se for the EEL (figure (6.4a)), it is seen that dEiase/dP 
=22meVGPa‘* for the VCSEL which is more than three times smaller than for the EEL 
rate. This leads to a relative tuning/detuning rate with pressure of 50meVGPa‘* and 
implies a crossover energy of 1863meV. This agrees well with the value of 1865meV 
found in the temperature dependence experiment (section (5.6)). The effect this has on Ith 
is shown in figure (6.4b), which compares the normalised (at OGPa) Ith for EEL and 
VCSEL. At low pressure, as the VCSEL tuning improves with increasing pressure, Ith 
follows a similar trend to the EEL indicating that gain-cavity alignment has little change 
on Ith which is primarily due to leakage. It is only at higher pressures (>0.4GPa) that the 
VCSEL Ith starts to increase more rapidly compared with the EEL as the gain-cavity 
detuning starts to take effect. As the detuning occurs on the steep low energy side of the 
gain spectrum when it starts to take effect it is particularly severe.
6.4 Pressure dependence of Iieak for EEL design 6.
Using the theoretical prediction in section (6.2), Iieak for design 6  is expected to be ~70%. 
Following a similar treatment to EEL design 2, the pressure dependence is shown in 
figure (6.5). There is clearly a strong rise in Ith with increasing pressure due to increased 
leakage as the energy separation between F and X conduction bands decreases.
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Figure (6.5): the Ith pressure dependence for EEL design 6.
Due to the low light output (~0.5pW) and poor fibre coupling efficiency, it was not 
possible to follow the Eiase variation with pressure. However, as the wavelength at room 
temperature was measured to be ~655nm, it is reasonable to use the previously 
determined value of dEiase/dP =72meVGPa'^ for EEL design 2 in section (6.3) to estimate 
Eiase(P) (shown in next in section in figure (6.7)). It should also be noted that the 
threshold data only extends to a pressure of 0.3GPa compared with 0.7GPa for design 2. 
This was due to output limit of the pulse generator.
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Taking the Ith data shown in figure (6.5) and using the same value for dEa/dP= - 
93meVGPa'\ the method employed for design 2 has been used to estimate Iieak at room 
temperature for design 6 . Figure (6 .6 ) shows that the hb points at pressures of 0.2GPa and 
above lie within the 40-50% leakage range. Due to the limited pressure range and number 
of readings in this experiment there is a larger error (+15%) with this estimate. However, 
the result is nevertheless consistent with the Iieak estimate of 50% for design 6  determined 
from the Ith temperature dependence.
y  y70% . 
/ /  ^
Proportion  of leakage (%) 
is show n beside each curve y  . 6 0 % , /
design 6 50%
/  X  y  40%
Pressure at which À=650nm /  / /  ,
/  ^  30%
L ~L(P=0 *1.25
0.2
P r e s s u r e  ( G P a )
Figure (6.6) : Ith normalised at P=OGPa for EEL design 6 
and theoretical values for K.
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The large difference measured in Iieak for design 2 (Iieak=20%) and 6  (Iieak=50%) where 
Eiase only differs by 17nm, illustrates the fundamental limitations of making VCSELs 
emitting at X<650hm using this material system. Figure (6 .6 ) can further be used to give a 
prediction of Iieak at 650nm. If it is assumed that dEiase/dP=72meVGPa‘\  then a pressure 
of 0.115GPa applied to design 6  will be equivalent to a similar device lasing at 650nm. 
By using the K=50% theoretical line, at this pressure, Ith will be ~1.25xlth (P=0), giving 
an estimate for Iieak of -60%.
The value of Iieak for design 6  at Eiase=1890meV is -20% lower than that predicted in 
section (6.2) using the pressure dependence of Iieak for design 2. This difference may be 
explained by a combination of the two following reason. Firstly, the threshold currents 
shown in figure (6.1a and 6.5) typically have an error of +5-10% (and as large as +20%) 
due to a low light collection efficiency and an indistinct threshold. There are also smaller 
errors in the Eiase (2-3%) measurements for both devices. The accumulation of these 
errors may amount to as much as -  25%. Secondly, experimental evidence and 
theoretical models [2,3] suggest that the GRINSCH structure, used in design 6 , has the 
effect of reducing leakage current. The initial motivation for this type of structure, put 
forward in 1981 [4], was to reduce the number of higher order transverse modes 
supported by the waveguide and therefore reduce both the beam divergence and the 
threshold gain requirement (not relevant to VCSEL geometry). More relevantly here, it 
has also been suggested that in particular the linear GRINSCH structure enhances carrier 
trapping and retention in the quantum well [5,6]. These factors are quite clearly relevant
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to the EEL design 6  and also to the VCSEL design 7, as they both employed the 
GRINSCH structure.
6.5 Pressure dependence of Ith for VCSEL design 7.
The temperature dependence measurements on VCSEL design 7 and EEL design 6  
indicate that the peak of the gain spectrum is located on the high-energy side of the cavity 
mode. The measured Eiase pressure dependence for VCSEL design 7 is shown in figure 
(6.7). Also shown is the Eiase pressure dependence for EEL design 6  which has been 
estimated from the room temperature lasing wavelength measurement (À=655nm) in the
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Figure (6,7) : the measured Ejase pressure dependence for VCSEL design 7 
and compared with that estimated for EEL design 6
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previous section (giving Eiase = 1.892eV at P=0) and taking dE/dP to be the same as for 
EEL design 2. As can be seen, the application of pressure to the VCSEL results in 
immediate gain-cavity detuning as Eiase for the VCSEL and EEL diverge. This leads to an 
increased 1* with pressure, which can be seen in figure (6 .8 ) as the cavity mode moves 
down the steep low energy side of the gain spectrum and the device has to be pumped 
harder to reach threshold gain. Ith has been measured for the device operated with both 
c.w. and pulsed currents.
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Figure (6.8) : the Imax and Im pressure dependence of VCSEL 
design 7 operated with c.w. and pulsed currents.
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Self-heating initially reduces the Ith for the c.w. current as gain-cavity alignment 
improves. However, self-heating also couples with the leakage mechanism and as Ith 
increases, it is leakage that starts to dominate and the c.w. and pulsed curves cross even 
though the heating effect is helping gain-cavity alignment. The combination of detuning 
and increasing leakage (starting from 50% of Ith at P=0 at RT) results in the device’s Ith 
meeting Imax and ceasing to lase at the relatively low pressure of 0.14GPa compared with 
O.TGPa for design 2.
6.6 Summary.
Pressure measurements on the EELs confirm results from the temperature dependence 
measurements (chapter 5) giving values of Iieak~20% for design 2 and Iieak~50% for 
design 6  as a proportion of the total Ith at room temperature. It also appears that the 
GRINSCH structure helps to reduce Iieak in EEL design 6 . Using the same structure it is 
predicted that Iieak will increase to ~ 60% at 650nm. Comparison of the pressure 
dependence of Eiase for EELs and VCSELs confirm that at room temperature VCSEL 
designs 2 and 7 are oppositely tuned with the cavity on the high and low energy side of 
the gain peak respectively. The pressure dependence of Ith for both VCSELs show that 
Iieak, which rapidly increases with decreasing EEL lasing wavelength, dominates the 
performance of these devices and that gain-cavity alignment is of secondary importance, 
at atmospheric pressure. Pressure induced detuning only becomes significant at higher 
pressure.
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Chapter 7
(GaIn)(NAs) VCSELs
7.1 Introduction.
This thesis has so far concentrated on the physics relating to VCSELs operating in the 
visible range (650-670nm) suitable for short-range communication systems. In this 
chapter, the prospects of commercially viable GalnNAs/GaAs based VCSELs suitable for 
the telecommunication wavelength of 1.3pm are considered. Similar temperature and 
pressure measurements to those on visible devices presented in chapters 5  and 6  have 
been made on equivalent EELs and VCSELs and compared with gain calculations based 
upon a lO-band k.P Hamiltonian based model developed at the University of Surrey by 
Tomic and O’Reilly [I].
7.2 Auger recombination and inter-valence band absorption
Thermally activated leakage does not present the same problem at longer wavelengths as 
it does at visible wavelengths due to the larger SCH band offsets available. However, 
there are two other loss mechanisms that become significant at longer wavelengths.
Firstly, non radiative Auger recombination processes are very sensitive to the band gap 
and start to increasingly become detrimental above emission wavelengths of I pm. The 
Auger process involves the energy of a recombining electron-hole pair exciting a third 
carrier further into its respective band, instead of producing a photon. There are four main
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Auger processes that are important at 1.3pm; two direct processes and two indirect 
phonon assisted processes where the conservation of momentum and energy of the 
carriers is relaxed by the emission or absorption of a phonon [2]. Auger generated 
carriers are very energetic and while they quickly scatter back to thermal equilibrium 
there is also a chance that they will find their way into the cladding layers, leading to an 
additional Auger generated leakage current.
Secondly, similar to Auger recombination, inter-valence band absorption is strongly 
dependent on the band gap energy, becoming important with narrow band gap materials. 
This mechanism comes about from re-absorption of photons by an electron in the spin 
split-off band exciting it towards the valence band maximum. This results in both a 
reduced differential quantum efficiency and an increased threshold current.
7.3 The long wavelength VCSEL background.
In general, VCSELs operating in the key telecommunication range of I.3-1.55pm have 
been hampered by two key factors. Firstly, the material systems available at this 
wavelength are limited due to the lack of suitable epitaxial layers with high refractive 
index contrast to form the Distributive Bragg Reflectors (DBRs). For example, the 
InGaAsP/InP material system, which is widely used for EELs, can be used as the base for 
monolithic VCSELs which emit in the 1.3-1.55pm range. However, they are limited by 
both the low refractive index contrast and high thermal resistance material available for 
the Bragg stacks in this system [3]. Although not presently practical for mass production, 
an improvement on this and until recently, the best performing VCSELs (at 1.3 pm) are
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InGaAsP active regions, wafer fused to AlGaAs/GaAs Bragg stacks [4]. However, they 
are difficult to produce and the fusion process leads to high resistance at the p-junction. 
The second problem is that this type of application requires stable operation over a wide 
range of temperature. As has been seen already, this presents a particular problem for the 
VCSEL, as the lasing energy of the cavity mode has a different temperature dependence 
to the peak of the optical gain spectrum. Strategies to minimise this, employed at other 
wavelengths, involve broadening the gain spectrum by the use of several different multi­
quantum wells [5,6] or using the contributions of higher sub-bands [7]. However, this has 
the effect of reducing device efficiency by requiring non-lasing states to be pumped.
The material GalnNAs may be able to provide a solution to both of these problems. 
Appropriate mixtures of N and In in GalnNAs, which can be grown pseudomorphically 
on GaAs, for low N concentration, provide the advantage of monolithically grown 
VCSELs and have already been demonstrated, producing I.43mW (at 1.26pm) [8 ] and 
500pW (at 1.28pm) under c.w. operation at room temperature [9]. There is also 
experimental evidence that GalnNAs has an intrinsically broad gain spectrum due to 
different band gaps arising from alternative stable lattice N sites [10] (originating from 
different ratios of Ga and In as nearest neighbours) enabling a wide temperature 
operating range for VCSELs. In addition to this, pressure experiments on EELs [II] also 
suggest that unlike InGaAsP based devices, direct band-to-band Auger is not the 
dominant recombination process at room temperature in GalnNAs devices. Other 
possible material systems which can be lattice matched to GaAs substrates and have been 
demonstrated in operational VCSELs are InGaAs quantum dots [12] and GaAsSb/GaAs
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quantum wells [13]. A summary of recent experimental data concerning the possible 
VCSEL material candidates at 1.3pm are presented in table (7.1).
Material System X Threshold
(RT)
Emax
(RT)
Tmax Ref
InP/InGaAsP 
Si0 2 /Si p-mirror 
InGaAsP/InP n-mirror
1.28pm
1.3pm
500mA pulsed 
2.4mA c.w.
0.4mW
N/A
RT
36°C
[3]
[14]
GalnAsP/InP wafer 
Fused AlGaAs mirrors
1.31pm 0.83mA pulsed 
1mA c.w.
0.5mW 115"Cc.w. [4]
InAs/InGaAs QDs 
AlGaAs mirrors
1.3 pm 1.8mA pulsed 0.22mW RT [12]
GaAsSb/GaAs 
AlGaAs mirrors
1.23 pm 0.7mA c.w. O.lmW RT [13]
GalnNAs/GaAs 
AlGaAs mirrors
1.28pm 3.8mA c.w. 0.5mW 60"C c.w. [9]
1.26pm 2.1mA c.w. 1.43mW 107®C c.w [8]
Table (7.1) : recent experimental performance data for VCSELs (at -1.3pm) 
for various material composition.
7.4 The effect of N incorporation in InGaAs
The addition of nitrogen into conventional HI V semiconductors modifies the band 
structure in such a fundamental way, that GalnNAs can be thought of as a new class of 
"ni-N-V" semiconductor alloy. Theoretical work [15] suggests that nitrogen forms 
localised states, which interact with conduction band edge splitting it into two sub-bands.
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The formation of a higher band is supported experimentally by the observation of a 
transition (known as E+) in photoreflectance measurements [15]. The effect that makes 
GalnNAs particularly promising is that small N concentrations (x ~ 0.2-5%) give a large 
shift in the main band-gap (1%N ~ I50meV). Furthermore adding N results in tensile 
strain, which can be offset by adding Indium, allowing independent control of strain and 
band-gap. Consequently an appropriate mixture of N and In enables lattice matching of 
GalnNAs with GaAs over a large energy range (particularly useful for the production of 
monolithic VCSELs). This is illustrated in figure (7.1) and can be contrasted with the 
general trend of a decrease in band gap energy with lattice constant for III-V 
semiconductor alloys. Figure (7.2) shows the effect of nitrogen incorporation into
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Figure (7.1) : the relationship between the lattice constant and
band-gap energy in III-V alloy semiconductors [16].
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InGaAs on the band structure. Firstly, there is a reduction in the energy gap at a rate of 
~0.1eV/% of N due to an anti-crossing interaction between the conduction band edge and 
a higher lying (~0.4eV above) nitrogen resonant band [17] which is seen as an extra 
conduction band in figure (7.2). Secondly, this interaction causes a change in the 
conduction band dispersion, effectively flattening the band leading to an increased 
electron effective mass and an increased density of states. This mechanism leads to the 
conduction band becoming more similar in shape to the valence band and is the origin of 
the broad gain spectrum.
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Figure (7,2): the effect ofN  on the hand s%ucture of InGaAs. The dashed 
line is N~free InGaAs and the solid line is GalnNAs (N-%). 
(from S.Tomic [1]).
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7.5 The structures.
The GalnNAs VCSEL structure which was grown and fabricated by Infineon is shown in 
figure (7.3) is of the intra-cavity-contacted configuration and was grown by solid source 
molecular beam epitaxy (MBE) using an RF-coupled plasma source to produce reactive 
monatomic nitrogen from nitrogen gas (N2). The active region consists of two GalnNAs 
quantum wells (QWs) containing -2% nitrogen sandwiched between 28 top and 34 
bottom pairs of undoped Alo.8Gao.2As/GaAs distributive Bragg stacks (DBRs). An 
oxidisable layer of AlAs adjacent to the cavity was used to form a current aperture of 
approximately 11 pm diameter. A more detailed description can be found in [9], together 
with further information on growth issues.
Light Emission
28 prs Al0 .sGa0 .2As/GaAs f t
AlAs oxide 
aperture
top mirrors
2 GalnNAs QW 
1.8% N 35% Inp-contact
n-contact
34 prs
AlAs/GaAs
mirrors
Figure (73) : schematic illustration of the GalnNAs VCSEL structure.
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The device was designed to emit at 1.3pm.at room temperature with the QW tuned on the 
high energy side and designed to emit at 1.29pm. The EEL was a simple 350pm long 
(4pm) ridge waveguide laser structure employing a similar active region to the VCSEL 
but with three QWs and designed to emit at 1.29pm at room temperature.
7.6 GalnNAs gain model.
A schematic outline of the model used in this thesis to calculate the gain spectra for 
GalnNAs/GaAs which has been developed by S. Tomic and E.P. O’Reilly is shown in 
figure (7.4).
The model is discussed in detail in [1] but briefly, the key novelty involves a 10-band k.P 
Hamiltonian to describe the band dispersion where two spin-degenerate nitrogen states 
have been added to the conventional 8-band k.P Hamiltonian. This accounts for the band- 
gap reduction due to an anti-crossing interaction between the conduction band edge and a 
higher lying nitrogen resonant band and the modified conduction band dispersion (seen in 
figure (7.2)). The parameters used excellently reproduce the ground and excited state 
transition energies deduced from photomodulated reflectance spectroscopy measurements 
on GalnNAs/GaAs QW structures [17].
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Calculate Quantum well material parameters at fixed
temperature
Determine band structure using 
10-band k.p Hamiltonian
Set carrier concentration step (no + n-step)
Find quasi-Fermi levels, Ef (n), spontaneous 
emission, SE (n) and gain, g (n)
Figure (7.4): outline of the GalnNAs gain spectra model.
Figure (7.5) shows gain spectra generated by the model for GalnNAs (36%-In , 2%-N) 
incorporating 2.1% compressive strain and a Lorentzian broadening parameter of 
17.5meV and with the peak gain at -1.29pm (for n=lxlO^^ cm'^). Also shown is the 
equivalent gain spectra for GalnAsP employing the maximum practical (dislocation free) 
amount of strain (0.8%) [18] and using the same broadening parameter for comparison.
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Figure (7,5): TE gain spectra for (a) GalnNAs (N-2%, In-36%, '^2%strain) 
and (b) Gaxlnj.xAsyPi.y (x=0,137y y-0,544, --0,8% strain) for 
n ^ l  ~ 10x10^  ^cm'^  in 1x10^  ^cm'  ^steps.
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The broadening parameter of 17.5meV for GalnNAs has been estimated from 
spontaneous emission experiments [19]. In the case of GalnAsP this is a particularly large 
value [18] compared to that usually estimated from spontaneous emission measurements 
but has been used here in order to illustrate the effect on the gain spectrum of the large 
conduction band effective mass brought about by the nitrogen in GalnNAs . As figure 
(7.5a) shows the broader gain spectrum of GalnNAs is particularly evident at large carrier 
concentrations (n=>10xl0^^cm'^) and for threshold gains greater than 2000cm'\ Another 
advantage of GalnNAs over GalnAsP in general is that GalnNAs using a AlGaAs/GaAs 
SCH results in a larger modal gain (Tg) [20] due to the superior refractive index contrast 
compared with GalnAsP/InP.
7.7 Pressure measurements
The experimental set up for hydrostatic pressure measurements was described in chapter 
3 and is the same as used in chapter 6. In all the experiments described in this chapter a 
pulsed current is used (0.5% duty cycle) to avoid any heating effects. Previous reports of 
pressure on GalnNAs EELs have shown two particular effects distinct from AlGalnAs 
and InGaAsP at this wavelength [11]. Firstly there is a sub linear increase of the lasing 
energy, due to the interaction of the conduction band edge with the N-level (not 
discernable in this experiment). Secondly, there is a rise in the threshold current in 
contrast to InGaAsP-based devices suggesting that Auger recombination does not 
dominate the threshold current at room temperature. Pressure applied on the active region 
of the VCSEL will be similar to the EEL, but there will be an additional effect of a 
change in gain-cavity alignment as the cavity resonance and the gain peak energies have
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Figure (7,6) : showing the pressure dependence of (a) Eiase for EEL and 
VCSEL and (b) the LI characteristics of the VCSEL
7 - 1 2
different pressure dependences (illustrated in section (2.3.11) of chapter 2 and has also 
already been seen experimentally in chapter (6)).
The measured Eiase pressure dependence for both EEL and VCSEL are shown in figure 
(7.6a). At normal pressure the peak of the gain given by the Eiase of the EEL (~970meV) 
is on the high energy of the cavity mode (~949meV). As the pressure is applied the Eiase 
for the EEL increases at a rate of dE/dP=73meV(GPa)'^ compared with 
dE/dP= 17meV(GPa)' ^ for the VCSEL, leading to a detuning rate with pressure of 
dE/dP=56meV(GPa)'^ Extrapolating these rates backwards beyond normal pressure, 
there is a ‘virtual’ crossover (ideal gain-cavity alignment) at — 0.4GPa. As thermal 
tuning/detuning occurs in the opposite sense to pressure, this indicates that OGPa gain- 
cavity alignment is found well above room temperature. The way this detuning qffects the 
Ith pressure dependence of the VCSEL can be seen in figure (7.6b) which shows the LI 
characteristics with varying pressure. The overall Ith pressure dependence trend can be 
more easily seen in figure (7.7), which also shows the equivalent measured data for the 
EEL. There is a rapid increase in Ith for the VCSEL, which can partly be explained by the 
detuning on the steeper low energy side of the gain peak [21], which means that the 
device requires a higher current density to reach threshold. Further to this however, Fehse 
et al. [19] have shown that monomolecular and Auger recombination are both functions 
of current density, so the detuning couples to these two loss mechanism causing the 
particularly steep increase of Ith with pressure seen here. To a much lesser extent it is also 
likely that this detuning couples to the conduction and nitrogen band convergence
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mechanism that gives a slightly higher than expected rise in Ith for the EEL (ideally Ith 
ocEg^ ) which only appears small compared with the VCSEL on the scale of figure (7.7).
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Figure (7.7): the normalised I pressure dependence for EEL and 
VCSEL at RT
7.8 Modelled Ith pressure dependence.
Using the model described in section (7.5), the Ith pressure dependence has been 
calculated in the following way. The total current injected into a semiconductor QW 
laser may be written as
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I = eV (A n  + Bn^ + Cn^) (7.1)
where V is the pumped volume of the active region and e is the electronic charge. A is
<
the monomolecular recombination coefficient (recombination through defect centres), B 
is the bimolecular direct radiative recombination coefficient and C the Auger three carrier 
recombination coefficient. Leakage has been ignored due to the large GalnNAs/GaAs 
QW to GaAS barrier band offset (~200meV [19]).
In order to estimate the contributions of each of the recombination processes Fehse et al. 
[19] have made temperature dependent spontaneous emission measurements on 1.29pm 
emitting EEL devices. The method calculates the threshold carrier density from the gain 
model [1] and equation (2.16), gth = 1/F((X+ 1/L[lnI/R1R2]) . It is found that at low 
currents the defect related current is dominant (I°cn) and by extrapolating this current 
component to threshold, the defect related current has been estimated as a proportion of 
the total threshold current. The radiative current component has been estimated by 
measuring the pinning level of the spontaneous emission. The residual current is then due 
to non-radiative Auger recombination. The experimental temperature dependent values 
derived using this method are shown in figure (7.8) after R.Fehse et al. [19]. Having 
established the values of the recombination coefficients for different temperatures, the 
values at room temperature are assumed to be constant for varying carrier concentrations 
in order to model the pressure dependence.
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The total current density has been plotted as a function of carrier concentration using 
equation (7.1) and the derived values of A,B and C (shown in figure (7.9)). In order to 
calculate the threshold gain of the VCSEL the initial threshold current density and hence 
also the threshold sheet density, at P=0 and room temperature is estimated by dividing the 
threshold current by the aperture area, where the aperture diameter is -15pm [22] 
(including 2pm added to the aperture edge to account for current spreading). By using the 
measured Eiase for the VCSEL it is now possible to fix the gain threshold on the gain 
spectrum at the intersection of the Eiase and the threshold carrier sheet density (see figure 
(7.10)).
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Figure (7,9): the contributions of the recombination mechanisms calculated 
from spontaneous emission measurements [19] RT,
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Figure (7.10): modelled gain spectra with the cavity-mode shift with pressure.
The measured value of dBiase/dP=17meVGPa'^ and dEiase/dP=73meVGPa'^ for VCSEL 
and EEL respectively (figure (7.6a)) gives a net detuning rate of dEiase/dP=56meVGPa‘^  
This is used with the modelled gain spectra at room temperature, which is assumed not to 
vary over the small pressure range 0-0.3GPa, to estimate the threshold carrier 
concentration with increasing pressure. The carrier density is then converted to a current 
density using the data in figure (7.9). Figure (7.11) shows an excellent fit of the modelled 
temperature dependence of Jth with the measured data from figure (7.7).
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7.9 Temperature measurements.
The temperature dependence measurements were made using the experimental set up 
described in section (3.4) using a pulsed current (duty cycle 0.5%). The measured Eiase 
temperature dependence for the EEL is shown in figure (7.12a) together with the 
calculated Eiase for the VCSEL (E^se measured at RT). The rate at which the cavity mode 
changes with temperature is calculated in two ways. Firstly, the ratio of dEiase/dP for EEL 
and VCSEL (7.3/1.7=4.29) is assumed to be the same as the ratio dEiase/dT for the EEL 
and VCSEL [23]. As dEiase/dT= -0.34 meVK'^ for the EEL, dEiase/dT for the VCSEL is 
calculated as -0.079meVK'\ Secondly, Eiase is physically determined by the effective
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cavity length and this changes due to the temperature dependence of the refractive index 
of the cavity and the material thermal expansion coefficient. As GaAs constitutes a large 
part of the cavity these values have been assumed from the bulk values for this material. 
Marple [24] measured the refractive index temperature dependence of GaAs as 
dn/dT-SxlO '^ K'^  and Brice [25] measured the linear thermal expansion coefficient as 
~5.97xlO'^K'^ resulting in a slightly higher value for the VCSEL of dEljase/dT- - 
0.085meVK'L Using the latter calculated tuning rate and assuming that the EEL 
approximates to the Eiase of the VCSEL active region, we estimate that the VCSEL will 
attain ideal gain cavity alignment at a temperature of -350K (shown in figure (7.12a))
Figure (7.12b) shows the normalised (at crossover -350K) temperature dependence of Ith 
for the GalnNAs EEL and VCSEL. For the EEL, Ith is given by equation (7.1) where the 
temperature dependence of the recombination coefficients are shown in figure (7.8). At 
low temperatures Ith is made up of mono-molecular and radiative recombination [19]. 
From ~250K and above the Auger coefficient starts to increase with temperature and the 
Cn^ term starts to dominate leading to a super-exponential increase in Ith. For the VCSEL, 
Ith decreases from 200K as the gain-cavity alignment of the device improves reaching a 
minimum at -280K. However, in an analogous comparison with the leakage current seen 
earlier for GalnP devices. Auger recombination dominates the continued tuning effect 
and both devices show a similar temperature dependence above room temperature. It 
should be noted that this VCSEL does show a wide temperature operating range of 
-200K and also that there is also a comparatively flat region (250-350K), in the likely
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operating temperature range, where the device shows Ith temperature insensitivity. This is 
very promising for using these VCSELs in telecommunication applications.
7.10 Modelled Ith temperature dependence.
The Ith temperature dependence for the VCSEL is calculated using the same procedure as 
that for the pressure dependence, except spectra are generated for each temperature in the 
range. The same threshold gain (825cm'^) and other parameter used in the Ith pressure 
dependence model are assumed and the cavity mode temperature dependence dEiase/dT=- 
0.085meVK’^  is taken from section (7.9). Figure (7.13) shows gain spectra at 200K and
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Figure (7,13): gain spectrum for GalnNAs (QW~70nm, 2%N, 36%In) at 
200K and 400K with n=3xl0^  ^cm'^
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400K generated by the model and illustrates the decrease in gain-peak energy and the 
spectrum shift to lower energies with increasing temperature. Figure (7.14) shows a good 
fit of the calculated data to the measured hh temperature dependence.
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Figure (7,14): the measured and modelled Ith temperature dependence
The small divergence at low temperature between the modelled and measured data may 
be explained by the fact that the gain model does not include many body effects. At high 
carrier densities the charges screen the atomic attractive force leading to an increase in 
the nearest neighbour electron overlap. This has the overall effect of “band-gap
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shrinkage”, which reduces the effective gain peak dEiase/dT rate with increasing current 
density and decreases detuning leading to a slightly higher calculated Ith [26].
This exercise has been repeated for a second VCSEL device (d2) from a different growth 
(but to the same specification) with a lower estimated gain threshold (~500cm'^), thought 
to be due to an improvement in growth quality giving a lower value of Oi. The results are 
shown in figure (7.15) together with the measured results for the previous device in 
figure (7.14) - (dl). In order to get the modelled data to fit the measured data in this case 
it was necessary to assume a slightly different “ideal” gain-cavity alignment temperature
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Figure (7,15): the measured and modelled 1th temperature dependence of VCSEL 
device (d2) with gtn ~500cm'  ^and measured data (dl) from figure 
(7,14)
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at ~ 325K, nevertheless there is again a good agreement. The measured data for d2 only 
extends to 350K due to a bond wire problem, it is however predicted that as Auger 
recombination becomes dominant at higher temperatures, the device would operate up to 
400K. This would give an overall operating temperature range of -300K and highlights 
the advantages of a low gain threshold brought about by good growth quality.
7.11 Summary.
The good fit obtained from this model in both pressure and temperature dependent 
measurements support both the accuracy of the gain spectrum model and the estimated 
recombination coefficient values which help facilitate an understanding of GalnNAs 
VCSELs. This study also adds to the evidence that GalnNAs has an intrinsically broad 
gain spectrum that leads to a wide operating temperature range for VCSEL devices which 
is limited by Auger recombination only at high temperatures.
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Chapter 8 
Thesis conclusions and future work
8.1 Thesis review and conclusions
The central aim of this thesis was to investigate some of the fundamental physics 
governing the stable performance against outside temperature change of AlGalnP 
VCSELs emitting at the attenuation minimum of plastic optical fibres (650nm). The 
method of making this investigation involved the use of high pressure and wide 
temperature-range techniques on equivalent EELs and VCSELs. Measurements on EELs 
have enabled the study of the aspects of the material system GalnP/AlGalnP and 
comparative measurements on the VCSELs themselves have revealed the modifying 
effect of the high reflective Bragg stacks. Similar techniques and some of the VCSEL 
concepts learned have then been used to make an initial investigation on some of the first 
room temperature operating (1.3pm) GalnNAs VCSELs.
In the first chapter, the rapid development of semiconductor lasers has been briefly 
charted leading into the rationale behind the birth of the VCSEL, with its advantageous 
intrinsic features such as high modulation speeds, circular beam profile and the vertical 
output geometry allowing the simple formation of 2D arrays. The development of the 
most essential VCSEL features over the last decade are reviewed and the current best 
performing AlGalnP devices show that they are capable of meeting some of the 
minimum requirements. However, concerns remain over thermally activated non-
radiative carrier leakage into the indirect X-minima and the thermally induced gain peak 
and cavity mode detuning both of which couple to the self-heating inherent in the 
compact nature of the VCSEL design. One of the main achievements of this thesis has 
been to break this three way coupling and assess the individual contribution of each of 
these processes to the overall degradation of AlGalnP devices.
In chapter 2 some basic general semiconductor theory has been discussed together with 
some more specific theory related to the AlGalnP material, such as the leakage 
mechanism and its change brought on by the application of pressure. Some of the most 
relevant concepts relating to VCSELs are then discussed forming a basis from which the 
investigation is conducted. Chapter 3 describes the experimental set up and factors which 
limit or influence the measurements.
Chapter 4 introduces the variation in LI characteristics between 3 different VCSEL 
designs. Two of the designs are similar and designed to emit at ~665nm except that one 
(design 2) has the benefit of a current confining aperture. The effect is to dramatically 
lower the threshold current (hh) by a factor of -25 due in part to the smaller effective 
active region. The consequence of the higher I th  is that the maximum output power ( P m a x )  
is reduced due to the closeness of the I th  to the maximum current ( Im a x )  at “rollover” as 
internal joule-heating causes a detuning between the gain-peak and cavity mode. The 
other VCSEL (design 7) which was designed to emit at ~655nm had a similar Ith to 
design 2 but the “rollover” occurred at a lower temperature due to the combination of a
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smaller current aperture and the increased leakage at the lower wavelength (brought 
about by the decreased carrier confinement and lower activation energy).
The temperature dependent measurements made in chapter 5 establishes the extent of the 
leakage current at room temperature to be -20% of the total Ith for EEL design 2 (672nm) 
and -50% for design 6 (655nm). Further to this, the activation energy for the leakage 
process is calculated to be -267meV and -133meV for designs 2 and 6 respectively, 
highlighting a fundamental physical problem in terms of electron heterostructure 
confinement as the 650nm wavelength is approached. These results are then used in order 
to assess the modifying effect of the Bragg Stacks in the VCSEL devices. In order to 
uncouple the heating effect from the leakage current the extent of self-heating as a 
function of current has been estimated to be -14.5mAK'^ using three different 
experimental and modelled methods. Finally, to uncouple the effect of gain-cavity 
alignment, leakage and self-heating, the radiative Ith has been fitted to the measured low 
temperature data in order to estimate a broadening parameter. From this process it is 
shown that as the gain spectrum broadens with increasing temperature above room 
temperature tuning/detuning effects become secondary to the leakage current. It is 
therefore deduced that further improved performance are most likely to come from 
strategies which reduce the leakage current.
The pressure measurements in Chapter 6 confirm the different alignment of the VCSEL 
designs and the leakage current estimates in the previous chapter. Using the facility of 
pressure to continuously vary the band gap the measurements also suggest that the
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GRINSCH structure may reduce the leakage for VCSEL design 7 and predict that the 
leakage current at 650nm for this structure will constitute -60% of the total threshold 
current.
Similar techniques have been used in the final chapter to investigate some of the first 
room temperature operational (1.3pm) GalnNAs VCSELs. The measurements confirm 
the validity of the calculated gain spectrum model and the values of the defect, radiative 
and Auger recombination coefficients derived at Surrey [1,2]. It has also been shown that 
the material GalnNAs has an intrinsically broad gain spectrum leading to a wide 
temperature operating range (up to -300K) operating at maximum temperatures of 400K. 
Combined with the advantage of monolithic growth, being lattice matched to GaAs, 
GalnNAs VCSELs appear to have a promising commercial future.
8.2 Future work suggestions.
Although recent work , reports promising performance for GalnP/AlGalnP VCSELs 
this thesis shows that the temperature sensitive leakage current is the primary reason for 
concern regarding these devices. To further improve their temperature insensitivity, 
strategies centring on reducing this are most likely to bring about benefits. Areas that 
could be investigated are:
• Ways of increasing the doping in the p-mirrors, which would have the effect of 
increasing the barrier/cladding offset and therefore increase the activation energy.
• The effect of using wider QWs, which would reduce the conduction band quasi-Fermi 
level, which would have a similar effect as above.
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• The benefits of using different GRINSCH structures. Previous work [3,4] has 
suggested that there is an optimum degree of parabolicity (the structure used here had 
no parabolicity) and grading in the GRINSCH profile dependent on the specific 
structure.
• Some GalnP/AlGalnP device designs have employed a blocking layer in the p-mirror 
adjacent to the cavity and both experiment and modelling suggests this may reduce 
the leakage current [5] but further work is required to give an optimum height and 
width.
Another aspect that could provide improved performance and could also indirectly reduce 
leakage would be to optimise the Bragg stacks. Research possibilities here could concern 
the following:
• The designs used were fairly cautious and employed a large number of mirror pairs. It 
may well be that in practice fewer mirrors could be used leading to reduced free 
carrier absorption and a subsequent lower threshold gain.
• Another approach to decrease the number of mirrors could be to use a hybrid 
arrangement including higher refractive index contrast materials such as SiOz/Si or 
SiOz/TiOz. The question here would be whether the extra fabrication steps are 
justified by enhanced device performance.
A completely different strategy which has been provisionally employed by Corbett et al. 
[6] is to use a densely packed six-element array where each small aperture (-5pm) 
element is thermally isolated. They demonstrate output powers of 12mW and reduced
-5
thermal sensitivity for smaller apertures, which agrees with the findings in section (5.11). 
The thermal model could be used to investigate the relationship between aperture width 
and the minimum mesa width, which retains thermal isolation.
In contrast to (Al)GalnP the fundamental physics regarding material GalnNAs is not fully 
understood, so there is currently much work being done regarding this. In terms of 
GalnNAs VCSELs some suggestions for immediate areas of further work are:
• Experimental confirmation of the gain model could be done using a more direct way 
such as the Haaki-Paoli method or the ‘Cardiff multi section device method’.
• The employment of doped mirrors in order to realise the benefit of the topside ring 
contact.
• PR work on GalnNAs has identified different band-gaps caused by N having different 
combinations of Ga and In as nearest neighbours [7]. This has consequences in terms 
of the gain-cavity alignment of VCSEL devices. As seen in this thesis, temperature 
and pressure hh dependent measurements can be used as a gain spectrum profiling 
method. These different band-gaps may well become evident in a detailed version of 
this type of experiment.
• The possibility of GalnNAs VCSELs operating at the longer telecommunication 
wavelength of 1.55pm by increasing the nitrogen content or by developing the 
quintenary material GalnNAsSb.
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Appendix 1
VCSEL and EEL growth specification
A.l EEL design 2.
: Sj^cmcadbn 3->5)
Layer 
. No
Material 
Type ■
Composition
::::
: Thickness(um) C-V Doping Level(cm' ) ^Dopant
Specified
(±10%)
Actual.  ^ Specified' 
(±30%)
Actual
12 GaAs 0.01 )
}
} 1.29 
}
}
1
}
1E19 l.OE+19 P Zn
11 Al(x)GaAs 0.9->0 0.05 2E18 - P C
10 Al(x)GaAs 0.9 1.0 0.5-2E18 1.6E+18 P C
9 (AlxGa)In(y)P 0.7 0.0512 2-5E+17 - P Zn
8 (ALxGa)In(y)P 0.3 0.0328 - - U/D -
7x4* GaIn(x)P 0.0045 - - U/D -
6x4 (ALxGa)In(y)P 0.3 0.005 - - U/D -
5 (AlxGa)In(y)P 0.3 0.0288 - - U/D -
4 (AIxGa)In(y)P 0.7 0.0512 0.5-2E+18 - n Si
3 Al(x)GaAs 0.9 1.0 } 1.05 
}
0.5-2E18 7.4E+17 n Si
2 Al(x)GaAs 0->0.9 0.05 0.8-1.5E+18 - . n Si
1 GaAs 0.2 - 2E+18 - n Si
Conclusion
This wafer meets specification in all respects.
Inspected by:
Approved by:
Rachel G. Robjohn
Product Co-ordinator
Business Group Manager
A.2. EEL design 6.
-,------  Specification (Figures 3->6) i -
1 Layei 
I No
Material
Type
Compositioi1 Thickhess(fim) :: G-V Doping : Develfcm'^): Type Dopant: Specified
(±10%)
Actual Specified
(±30%)
Actual :
n GaAs 0.01 } lE+19 4.9E+18 D Zn
Al(x)GaAs 0.9->0 0.05 } 2E+18
K
n c11 Al(x)GaAs 0.9 1.0 } 0.5-2E+18 1.5E+18 - r P c10 (AlxGa)In(v)P 0.7 0T298 } 0.5-2E+18 5.8E+17 P Zn
(AlxGa)In(y)P 0.3->0.7 &048 } 1.46 2-5E+17 n Zn8x4 (AlxGallnfvlP 0.3 0.005 } U/D7x4^ GaIn(x)P 0.0045 } U/D6 (AlxGa)In(y)P 0.3 0.005 j' U/D5** (AlxGa)In(v)P 0.7->0.3 &048 ; 0.5-2E+18 n Si4 (ALxGa)In(y)P 0.7 0.1298 } 0.5-2E+18 n Si
3 1 .Al(x)GaAs 0.9 1.0 - 0.8-1.5E+18 2.9E+18 n Si
Al(x)GaAs 0->0.9 0.05 - 2E+18 n Si1 GaAs 0.2 - 2E+18 - n Si
Conclusion
The doping density for layer 13 lies below specification. The doping density for layer 3 lies above 
specification. This wafer meets specification in all other respects. ____________
Inspected by:
Approved by:
Rachel G. Robjohn
Andrjy^Jbel
Product Co-ordinator
Business Group Manager
A 3. VCSEL design 1.
v .r- - Strate : :
. .  .11
#%Orientation . i^Matefial:;:!
Concfcm"^) ■
Flat Spec. : , ; EPD Finis]
YlOO) 10° <111> : GaAs -Si 0.5-4E+18 US < l E.+3 cm ^ P/P
................... ........................................................................................  ■ -------
r  :- Wafer No. : Thickness (pm) Resistivity (raG/sq)
f  r  ' ■ . :Seedf:.- :=: Tail Seed : Tail.
#2, #5->#T- 629 636 6T8 36.4
: #3, #4 - 355 357 70.6 26.8
irpholQ gp^M icfog raphs 1 ->4,; S u rfscans l - > 7 ) ..
:'V : Wafer'.No...;:^;f Defect Density : f  ; : General Surface -Morphology i : : •
. #T N/A 26.89 Smooth Background.
^  #2 . N/A 33.28 Smooth Background.
sv « :  : N/A 685
Smooth Background. Micrograph 3 
shows a dense area of defects seen 
opposite the major flat.
N/A 627 Smooth Background.
#5- N/A 25 A4 Smooth Background. Micrograph 4 
shows an unusual defect seen near the 
perimeter, near the major flat.
#6 1 N/A 2T69 Smooth Background.
#7 N/A 3T20 Smooth Background.
C/V profiles were performed on the sacrificial test piece grown adjacent to the main 3" wafer.
The recorded p-type values for layers 37, 32->29 have been calculated from five different 
measurements. The average measurements have been quoted for these layers, representative plots are 
illustrated in figures 1, 2. All measured values are detailed below:-
1
Layer
No
Material
Type'
Composition ■ Thickness (pm) : ■C-V Doping Level(cm'3
Specified
.#10% )
Actual Specified
(±30%)
Actual :
37 GaAs 0.01 - >lE-kl9 1.7E+19 1 p Zn
36 Al(x)GaAs 0.5 0.0322 - 2-4E-H18 - p C
35 Al(x)GaAs 1.0->0.5 ' 0.01 - 2-4E-H18 - p c
34 ALAs 0.043 - 2-4E+18 - p c
33 Al(x)GaAs 0.5->1.0 0.01 - 2-4E+18 - p c
32x2( Al(x)GaAs 0.5 0TG9 - 2-4E-H18 }3.4E-hl8
)
p c
31x2C Al(x)GaAs 1.0->0.5 0.01 - 2-4E+18 p c
VCSEL design 1 - (cont.)
ecificatio r ïic o M n u e d )
30x2( AlAs 0.043 - 2-4E+18 } P C
29x2( Al(x)GaAs 0.5->1.0 0.01 - 2-4E+18 } P C
28xlC Al(x)GaAs 0.5 0.039 - 3-6E+17 - P c
27xlC Al(x)GaAs 1.0->0.5 0.01 - 3-6E+17 - P c
26xlC AlAs 0.043 - 3-6E+17 P c
25xlC Al(x)GaAs 0.5->1.0 0.01 - 3-6E+17 - P c
24 Al(x)GaAs 0.5 0.039 - 3-6E+17 - P c
23 Al(x)GaAs 1.0->0.5 0.01 - 3-6E+17 - P c
22 AlAs 0.0483 - 0.5-2E+18 - P c
21 (AlxGa)In(y)P 0.7 0.1537 - 2-5E+17 - P Zn
20 (AlxGa)In(y)P 0.3 0.0328 - - - U/D -
19x4 GaIn(x)P * 0.0045 - - - U/D -
18x4 (AlxGa)In(y)P 0.3 0.005 - - - U/D -
17 (AlxGa)In(y)P 0.3 0.0288 - - - U/D -
16 (AlxGa)In(y)P 0.7 0.1537 - 0.5-2E+18 - n Si
15 AlAs 0.0483 - 0.5-2E+18
} 5.0E+17
n Si
14 Al(x)GaAs 0.5->1.0 0.0100 - 3-6E+17 n Si
13 Al(x)GaAs 0.5 0.0390 - 3-6E+17 n Si
12xlC Al(x)GaAs 1.0->0.5 0.01 - 3-6E+17 n Si
llx lC AlAs 0.043 - 3-6E+17 n Si
lOxlC Al(x)GaAs 0.5->1.0 0.01 - 3-6E+17 n Si
9x10 Al(x)GaAs 0.5 0X%9 - 3-6E+17 n Si
8x39 Al(x)GaAs 1.0->0.5 0.01 - 0.8-1.5E+18
} 1.7E+18
n Si
7x39 AlAs 0.043 - 0.8-1.5E+18 n Si
6x39 Al(x)GaAs 0.5->1.0 aoi - 0.8-1.5E+18 n Si
5x39 Al(x)GaAs 0.5 04%9 - 0.8-1.5E+18 n Si
4 Al(x)GaAs 1.0->0.5 0.01 0.8-1.5E+18 n Si
3 AlAs 0.04 0.8-1.5E+18 n Si
2 Al(x)GaAs 0->1.0 0.01 0.8-1.5E+18 n Si
1 GaAs 0.5 2E+18 - n Si
" Photoluminescence (Figure 5)
Active Layer Calibration
Specifled (nm) Measured (nm)
660%3j!!:: 661
Reflectance measurements were performed at nine points over wafer #1 and #2, all measured values 
have been included with centre point plots. Centre point plots and values are also detailed for wafers
An N-Mirror measurement was made on the test piece following the removal of the appropriate upper 
layers (Figure 6 ,CSB=661nm).
A.4. VCSEL design 2.
ÿÏJprientation
sT ------------
, Material /Carrier :
' Conc(cm"3)
Flat Spec. EPD . Finish :
‘f? l0 0 )1 0 °< lll> GaAs -Si ' .0 :5 -4 E # 8 <iE+3cm -2 P/P !
^ ^ a f e r  No. Thickness (jam) Resistivity (mG/sq)
 ^ ■ ■ ■ ■ ^ Seed: :' :i ■ V Tail ; Seed Tail
631 648 42.0 25.5
#3, #4 355 357 70.6 26.8
'  5; Morphology (Micrographs l->5, Surfscans l->7)
Wafer No. Defect Density 
. (cm-2) ■.
General Surface Morphology
#1 N/A 168 Smooth Background. Micrograph 3 
shows an unusual feature seen near the 
perimeter, opposite the minor fla t
• #2 N/A 220 Smooth Background.
#3 N/A 961 Smooth Background.
#4 N/A 825 Smooth Background. Micrograph 4 
shows a dense area of defects seen 
across the wafer.
#5 N/A 256 Smooth Background.
#6 N/A 270 Smooth Background. Micrograph 5 
shows an unusual feature seen near the 
perimeter, opposite the major flat.
#7 N/A 227 Smooth Background.
C/V profiles were performed on the sacrificial test piece grown adjacent to the main 3" wafer.
The recorded p-type values for layers 46, 41->38 have been calculated from five different 
measurements. The average measurements have been quoted for these layers, representative plots are 
illustrated in figures l->2. All measured values are detailed below:-
" Sped fication (Figures l-> 4 ) .
Layer
No
Material
Type
Composition
(x,y)
: Thickness(um) C-V Doping Level(cm'^) Type Dopanil
Specified
(±10%)
Actual Specified
(±30%)
Actual
46 GaAs 0.01 - >1E+19 1.9E-f-19 P Zn
45 MfxjGaAs 0.5 0.0322 - 2-4E+18. - P C
44 Al(x)GaAs 0.95->0.5 0.01 - 2-4E+18 - P C
43 Al(x)GaAs 0.95 0.037 - 2-4E+18 - P c
42 Al(x)GaAs 0.5->0.95 0.01 - 2-4E+18 - P c
VCSEL design 2 - (cont.)
Specification (continued)
41x23 Al(x)GaAs 0.5 0.039 - 2-4E+18 }.
} 3.0E+18 
}
}
P C
40x23 Al(x)GaAs 0.95->0.5 0.01 - 2-4E+18 P C
39x23 Al(x)GaAs 0.95 0.0424 - 2-4E+18 P C
38x23 Al(x)GaAs 0.5->0.95 OOl - 2-4E+18 P c
37x6 Al(x)GaAs 0.5 OOG9 - 3-6E+17 - P c
36x6 Al(x)GaAs 0.95->0.5 0.01 - 3-6E+17 - P c
35x6 Al(x)GaAs 0.95 0.0424 - 3-6E+17 - P c
34x6 Al(x)GaAs 0.5->0.95 0.01 - 3-6E+17 - P c
33 Al(x)GaAs ' 0.5 0069 - 3-6E+17 - P c
32 Al(x)GaAs ■ 0.95->0.5 0.01 - 3-6E+17 - P c
" 31 Al(x)GaAs - ^  0.98 0.03 - 3-6E+17 - P c
30 Al(x)GaAs Ü95 0.0124 - 3-6E+17 - P c
29 Al(x)GaAs - 0.5->0.95 0.01 - 3-6E+17 - P c
28x3 Al(x)GaAs 0.5 0069 - 3-6E+17 - P c
27x3 Al(x)GaAs , 0.95->0.5 0.01 - 3-6E+17 - P c
26x3 Al(x)GaAs 0.95 0.0424 - 3-6E+17 - P c
25x3 Al(x)GaAs , 0.5->0.95 0.01 - 3-6E+17 ■ - P c
24 Al(x)GaAs 0.5 0.0390 - 3-6E+17 - P c
23 •Al(x)GaAs 0.95->0.5 0.0100 - 3-6E+17 - P c
22 • Al(x)GaAs 0.95 0.0476 - 0.5-2E+18 - P c
21 (AlxGa)In(y).P 0.7 : 0.0512 - 2-5E+17 - P Zn
20 (AlxGa)Iii(y)P 0.3 i: 0.0328 - - - U/D -
19x4 GaIn(x)P * ' ! 0.0045 - - - U/D -
18x4 (ALxGa)In(y)P 03  ' 0fi05 - - - U/D -
17 (ALxGa)In(y)P 0.3 0.0288 - - - U/D -
16 (ALxGa)In(y)P 0.7 '! 0.0512 - 0.5-2E+18 - n Si
15 Al(x)GaAs 0.95 r  0.0476 - 0.5-2E+18
} 7.0E+17
n Si
14 Al(x)GaAs 0.5->0.95 0.01 - 3^6E+17 n Si
13 Al(x)GaAs 0.5 0.0390 - 3-6E+17 n Si
12xlC Al(x)GaAs 0.95->0.5 0.01 - 3-6E+17 n Si
llxlC Al(x)GaAs 0.95 0.0424 - 3-6E-P17 n Si
10x11 Al(x)GaAs 0.5->0.95 0.01 - 3-6E+17 n Si
9x10 Al(x)GaAs 0.5 0X69 - 3-6E+17 n Si
8x43 Al(x)GaAs 0.95->0.5 0.01 - 0.8-1.5E+18
} 2.3E+18
n Si
7x43 Al(x)GaAs 0.95 0.0424 - 0.8-1.5E+18 n Si
6x43 Al(x)GaAs 0.5->0.95 0.01 - 0.8-1.5E+18 n Si
5x43 Al(.x)GaAs 0.5 0X69 - 0.8-1.5E+18 n Si
4 Al(x)GaAs 0.95->0.5 0.01 - 0.8-1.5E+18 n Si
3 Al(x)GaAs 0.95 0.04 - 0.8-1.5E+18 n Si
2 Al(x)GaAs 0->0.95 0.0100 - 0.8-1.5E+18 n Si
1 GaAs 0.5 - 2E+18 - n Si
A.5. VCSEL design 7
Specification (Figures x - >  y)
1
_
Compositioi
(x,y)
Thickne
Spécifiée
(±10%)
ss(pm)
Actua
C-V Doping 
Specified 
(±30%)
Level(cm'^]
Actual
Type Dopant
5 k k O a A 6 0.01 - >1E+19 1.7E19 P Zn
M^AlfxlGaAs 0.6 0.0316 - 3E+18 - P C
%::LAirx)GaAs ' 0.95->0.6 0.01 - 3E+18 - P C
AKx)GaAs 0.95 0.0412 - 3E+18 - P C
-  AlWGaAs 0.6->0.95 0.01 - 3E+18 - P c
p M A lklG aA s - 0:6 0.0384 - 3E+18 2.9E18 P c
m '  AlCx)GaAs 0.95->0.6 0.01 - 3E+18 - P c
# AI(x)GaAs 0.95 0.0412 - 3E+18 P c
p ] . Al(x)GaAs 0.6->0.95 0.01 - 3E+18 - P c
F
Al(x)GaAs 0.6 0.0384 - 3E+18 - P c
AI(x)GaAs 0.95->0.6 0.01 - 3E+18 - P c
AI(x)GaAs 0.99 0.03 - 3E+18 - P c
Al(x)GaAs 0.95 0.0112 - 3E+18 - P c
# AI(x)GaAs 0.6->0.95 0.01 - 3E+18 P c
m Al(x)GaAs 0.6 0.0384 - 3E+18 - P c
p r Al(x)GaAs 0.95->0.6 0.01 - 3E+18 - P c
#0 Al(x)GaAs 0.95 0.0464 - 3E+18 - P c
;i9 (AlxGa)InCv)P 0.7 0.1298 - 3E+17 P Zn
(AIxGa)InCv)P 0.3->0.7 0.048 - 3E+17 _ p Zn
#17 (AlxGa)In(Y)P 0.3 0.0015 - - _ U/D
16x4 (AlxGa)InCv)P 0.3 0.005 - _ - U/D
3x4* GaIn(x)P 0.0045 - _ _ U/D
mà (AlxGa)In(v)P 0.3 0.0065 - _ _ U/D
(AlxGa)In(y)P 0.7->0.3 X 0.048 - lE+18 _ n Si
m (AlxGa)In(y)P 0.7 - 0.1298 - lE+18 n Si
n i Al(x)GaAs ox# % 0.0464 i| - lE+18 n Si :
10 Al(x)GaAs 0.6->0.95 ^ 0.01 1 - 1.2E+18 n Si
9 AI(x)GaAs 0.6 0.0384 - 1.2E+18 n Si
8x63 Al(x)GaAs 0.95->0.6 0.01 1.2E+18 1.4E18 n Si
7x63 Al(x)GaAs 0.95 0.0412 1.2E+18 n Si
6x63 Al(x)GaAs 0.6->0.95 0.01 1.2E+18 _ n Si
5x63 AlfxlGaAs 0.6 0.0384 1.2E+18 n Si
4 Al(x)GaAs 0.95->0.6 0.01 1.2E+18 n Si
3 Al(x)GaAs 0.95 0.0404 1.2E+18 n Si
2 AKxlGaAs 0->0.95 0.01 1.2E+18 n Si
1 GaAs 0.5 - 2E+18 - n Si
